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PREFACE 


Tne National Researcn Council's Committee on Advanced Nuclear Systems 
was formed or; 2, 19&2, by tne Energy Engineering Board of the 

Curnssion on Engineering and Technical systems. Its task was to 
survey tne technology of compact nigh-energy-density nuclear fission 
reactor systems and their potential for application to a variety of 
civilian and military missions. Tnis assessment was sponsored by the 
departments of the Army, Navy, and Air Force; the Defense Advanced 
Research Projects Agency; ana tne National Aeronautics and Space 
Administration. 

Nuclear power systems were tne object of extensive research and 
development activity during the late 1950s and 19>0s. This work was 
abandoned oy the federal government in 1973 largely because the 
requirements then identified could be nret- at lower cost by alternative 
tecnr )iogies. Today, compact nuclear fission systems are once again 
being considered by mission planners in civilian and defense 
agencies. Tne emphasis is on space applications, including 
hign-powerea communications and remote sensing systems, but other 
possioie applications are also of interest. 

Since the technology in question has lain largely fallow for the 
past: decaae, the committee considered it appropriate to convene a 
Symposium on Advanced Compact Reactor Systems, to help define the 
issues and permit experts on the tecnnology to discuss with 
policymakers and potential users the state or tne tecnnology and the 
range of potential applications. Such a meeting was held at the 
National Academy of Sciences in Washington, D.C., on November 15-17, 
1982. This proceedings is the record of that symposium, containing 
all unclassified papers submitted by the speakers. 

Tne committee's final report, commenting on the technology and its 
applications, will be published in April 1983. The committee did not 
attempt in its report to present a detailed assessment of the 
technology of high-temperature compact reactor systems; with tne time 
and resou ces allotted tnat would nave been impossible. The committee 
was, however, able to survey the technology and provide a framework 
for structuring an effective research ana development program. This, 
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che committee believes, is a worthwhile contribution. The 
communication fostered by the symposium is anotner. The committee 
trusts that papers included in this proceedings will stimulate further 
interest and study by the technical community. 

The symposium covered a wide range of suojects, ranging from 
current technology concepts to safety and regulatory issues. The 
meeting was well attended and it provided a rare opportunity ror the 
tecnnical community to discuss the many issues surrounding the 
question ot space nuclear power development. 

The program was organized by a steering committee composed ct 
Harold Agnew, Robert Avery, Herbert Goldstein, Nicholas Grant, Harold 
Lewis, Norman Rasmussen, Henry Stone, David Ward, and Robert 
Wertheim. A great deal of tne credit for the success of the 

symposium, in particular r.he lively discussion at sessions, belongs to 
them. 

Tne committee acKnowlrages the assistance of the staff of the 
Energy Engineering Board of the Commission on Engineering and 
Tecnnical Systems. Duncan Brown, the committee's Jtaff Officer, was 
responsible for handling administrative arrangements, organizing the 
symposium, and editing tne papers tnat form the prcx^eedings. 
Administrative secretaries Julia W. Torrence and Regina F. Dean 
carried out the word processing, revising and rerevising many hundreds 
of pages of highly technical documents, with patience and aplomb. 


Jonn A* Deutcn, Chairman 

Committee on Advanced Nuclear Systems 
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CUP.RENT TECHNOLOGICAL CONCEPTS 
FOR SPACE POWER 


RADIOISOTOPS THERMAL GfiNSRATORS 
AND TH£KMQfcUSCTRIC POWER CONVERSION 

G. Stapfer 

Jet Propulsion Laboratory# California Institute of Technology 

Pasadena# California 91109 


INTRODUCTION 

The ponversio.i of thermal to electrical energy by means of tae 
thermoelectric effect has been actively pursued since the early 
195us. Although the physical phenomena that govern this conversion 
process had oeen discovered and known since the turn of the last 
century# practical conversion devices had to await progress 
materials sciences before serious consideration for power production 
could be attempted. 

Althougn all elements# alloys, and compounds exnioit thermoelectric 
properties# only very few nave seriously been considered for the 
purpose of energy conversion. Tne reason for this becomes apparent 
when the basic properties that govern thermoelectric conversion are 
considered. The usefulness of a material for thermoelectric 
conversion is dictated by three U>sic material properties: the 
Seebeck coefficient# tne electrical resistivity, and the thermal 
conductivity# all ot whicn concriDute to make up the so-cailed figure 
of merit L * (X 2 /pk. 

The conflicting and interdependent requirements of high Seebeck 
c efficient# low resistivity# and low thermal conductivity impose 
severe limitation on cnoice of materials. Tne Seebeck coefficient was 
discovered and reported by its namesake Seebeck, in 1822-1823. This 
work was further augmented by the watchmaker Peltier in 1834. 

However, it took a hundred years before Jcffe, in 1929# first outlined 
the advantages of thermoelectric generators made of semiconductors. 
Sven Joffe's work was mostly ignored until 1956# when after having 
been translated it became the foundation for research in the Western 
scientific world. Thougn the thermoelectric technology has come a 
long way since the days when science was made between successive 
Mondays (the day the Academy of Science would sit in Paris) , in man} 
ways it is still a growing technology whose time has yet to come. 

The research described in this paper was carried out by the Jet 
Propulsion Laboratory# California Institute of Technology, under a 
contract with the National Aeronautics and Space Administration. 
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EARLY RTG SYSTEMS: SNAP-3 THROUGH SNAP-11 

Radioisotope thermoelectric generators (RTGs) were initially developed 
as part of the Systems for Nuclear Auxiliary Power (SNAP) program, in 
which all of the odd-numbered power plants referred to isotope-fueled 
systems, while the even numbers were reserved for reactor systems. 

The initial thermoelectric conversion systems reacned their peak in 
tne late 1950s ana early 1960s. Most of these systems used the "lead 
telluride technology.” This nomenclature was and remains a misnomer. 
Lead telluride material consists of lead, tellurium, bismuth, tin, 
antimony, etc. The promise of this power source was being proposed 
for many serious space explorations. For example, the SNAP-11 system 
was at one time considered the primary power system for the lunar 
Surveyor spacecraft series. It utilized a ratner short-lived 
radioisotope, which required considerable power flattening. This was 
accomplished by a thermal shutter of the isotope fuel cavity that 
would be open at tne beginning of the mission (BOM) and close toward 
the end of tne mission (EOM)• An actual generator (SNAP-11) is shown 
in Figure 1. This generator, electrically heatea, was the first of 
many potential thermoelectric technologies tested at the Jet 
Propulsion Laboratory (JPL) during the early 1960s. Unfortunately, 
most of the work in thermoelectric generator development during this 
period was classified. This ensured continuation of funding but was 
detrimental to tne further development of thermoelectric generators, 
since it limited tne distribution and critical evaluation of the 
available Qa.a. 


INITIAL SUCCESSES AND FAILURES 

Even as tne early application of RTGs resulted in failures, the 1960s 
saw the first blossoming of thermoelectric generators for space 
application. Two series of SNAP generators were developed by the 
Atomic Energy Commission (AKC) and were designated the SNAP-19 and the 
SNAP-27 series generators. Both of these utilized lead telluride 
technology. The initial versions of SNAP-19 generators were 
successfully employed on the Nimbus spacecrafts (weather satellites)• 

A subsequent version of the SNAP-19 was employed by the early Pioneer 
deep-space missions. This generator was principally developed by the 
Teledyne Systems, Inc., and is shown in Figure 2. It basically 
consists of the radioisotope heat source 23Spy contained in a vessel 
designed to withstand impact reentry (in case of an abortive 
mission)• Since the lead telluride material was not able to be 
metallurgically bonded to a hot shoe, pellets of N and P legs were 
pressed through a piston and spring arrangement against the 
isotope-containing hot frame. Thermal mismatching between the 
radioisotope and the thermoelectric material required that most of the 
isotope he*t source be surrounaed by thermal insulation. 

Accommodating this thermal mismatch, coupled with the low operating 
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temperatures and excacerbated by the mechanical contacting 
arrangements, resulted in rather low system efficiency. 

A modification of this technology provided the power source for the 
scientific experiments (ALSEP) left on the lunar landing sites by the 
Apollo astronauts. Tnis tecnnology was designated the SNAP-27 series 
and was developed by the AEC at General Electric (GE) and the 3M 
Company. Figure 3 shows the fueling of this generator by the 
astronaut on the lunar surface. The ability to separate the isotope 
fuel from the generator during launch, tnus providing a separate 
reentry vehicle (Apollo 13), was essentially responsible for the 
advantages of this system. 


DEVELOPMENT DURING THE SEVENTIES 

During the 1970s two separate thermoelectric material systems came of 
age: a modified lead telluride system and tne silicon-germanium 
(SiG^) system. The lead telluride system, modified and improved by 
the development of a TAGS (tellurium, silver, germanium, tin) segment, 

resulted in lower specific-mass systems. Missions such as the Viking 
Mars Lander successfully utilized this technology. The ‘ifetime 
requirements for this type of mission (1-2 years) enabled these 
systems to function at reasonaDly high operating temperatures 
(aoout 500°C) provided that an inert atmosphere of noble gases (to 
reduce the detrimental effects of sublimation) could be maintained 
witnin the generator throughout tne mission lifetime. Figure 4 
depicts a SNAP-19 generator of this type that was evaluated and life 
tested at JPL for the Viking Mars Lander mission. 

As noted above, the success of this generator depended on 
maintaining herraeticity. A new version of generator systems designed 
to operate in the natural vacuum environment of outer space was 
developed by General Atomic. This system—Transit—developed for and 
used by the Navy, lowered the operating temperatures of the lead 
telluride to about 400°C but incorporated a segmented leg of oismutn 
telluride for the colder portion. This combination of thermoelectric 
materials, coupled by a breaktnrough in bonding to the lead telluride 
hot leg, resulted in a radiatively coupled system. Figure 5 shows one 
of the two generators that were evaluated at JPL for over 4 veais of 
operation. 

Tne development of the silicon-germanium technology combined the 
radiative neat transfer system and high operating temperatures 
(1000°C) with vacuum operation. This thermoelectric material naa 
been under development since the 1960s, yet its operation had been 
restricted to the available fuel temperature (about 500°C) . The 
SNAP-10A is a typical example of the low-temperature SiGe technology 
application. The successful metallurgical bonding of this system led 
to the development of the "Air-Vac couple* by Radio Corporation of 
America (RCA) • As implied by its name, it could operate equally wdl 
either in air or in a vacuum. During this time (early 1970s) the 
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requirements for a long-term-performance conversion system evolved 
from tne Thermoelectric Outer Planet System (TOPS) studies that were 
needed for the Grand Tour missions, then under consideration by NASA. 

In an attempt to eliminate the high cost associated witn a specific 
mission-designed and dedicated RTG, the concept of a multihundred- 
watt (MHW) RTG was adopted. Its aim was to develop an RTG with an 
electrical output power of about 100 W. Mission designers could then 
use one, two, three, or more identical RTGs depending on the specific 
need of the mission. The basic thermoelectric couple—the 
unicouple—that became the building block for this generator is shown 
in Figure 6. The combination of this uncouple concept with the 
then-designed MHW heat source is snown in Figure 7. Three hundred 
twelve unicouples (each producing about 0.5 W of electricity) make up 
a generator producing 150 W at the beginning of a mission. Two 
experimental spacecraft for the Air Force (LES 8/9) and botn NASA/JPL 
Voyager spacecrafts are powered by this type of generator, which was 
developed by GE/RCA under the auspices of the Energy Research and 
Development Administration. 

To date, the performance of these RTGs has met every expectation. 
After more than 4 years of flight operation, the performance of these 
RTGs is within less than 1 percent of the predicted values (Figure 8), 
and all indications are for continued normal behavior. 


BEYOND THE SILICON-GERMANIUM SYSTEM 

Two material systems had ween proposed and investigated to improve 
upon the SiGe system. The first of these, known as the selenide 
system, was principally developed by the 3M Company. Basically, its 
promise was an increase in conversion efficiency over that of SiGe. 

It projected a significant improvement in the mass/power ratio and 
thus was selected for the principal conversion option for the Galileo 
spacecraft. As the data base for this technology increased beyond the 
initial stages, it became apparent that the reduced temperatures that 
were required to maintain long-term operation lowered the perforsince 
of this system to below that of silicon-germanium. Thus its further 
development was aborted, and the MHW silicon-germanium unicouple, 
coupled with an improved (modular) heat source, was adopted for the 
Galileo (as well is the International Solar Polar) mission. The 
abortive development of the selenide system does point out the 
necessity of a thorough thermoelectric material characterisation and 
evaluation program prior to committing to a flight developmental 
program. It is also indicative of the long-term investsmnt required 
in developing a new thermoelectric material system, which typically 
takes 10 years 
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CURRENT THERMOELECTRIC TECHNOLOGY RESEARCH 

The current thermoelectric materials technology research can be 
classified into two areas: (1) the short-term, modest improvements of 
existing systems and (2) the long-term, potential gains promised by 
new material systems. 

The first category consist** essentially of improvements in the 
current state-of-the-art SiGe system. This can be accomplished either 
by increasing the operating temperature or by increasing tne basic 
figure of merit. Figure 9 illustrates the relationship of the figure 
of merit with conversion efficiency, which can be approximated by the 
area under the curve. The concept of increasing the figure of merit 
by modifying the binary SiGe solid solution was first proposed by 
Syncal Corporation (now TECO) and was actively pursued under NASA/JPL 
sponsorship. The performance of the current SiGe system is limited by 
two basic phenomena: (1) the long-range oraer of tne SiGe lattice, 
wmch results in a large thermal conductivity due to tne lattice 
contribution, and (2) the limited solubility of dopants within the 
solution of silicon and germanium, which prevents the free current 
carrier concentration from being increased to optimal conditions. 

Tne initial investigations showed that additions of gallium 
phosphide (GaP) did indeei affect both of the parameters in question: 
The thermal conductivity of the solutions containing GaP exhibited a 
reduction of thermal conductivity due to increased lattice scattering; 
also, an increased dopant concentration (decreased Seebeck coefficient) 
was realized. Although no optimization has been performed, an 
increase in the figure of merit by about 20-25 percent is a distinct 
possibility. Added to this improvement of the figure of merit is the 
use of better vapor suppression coatings and differing geometry and 
silicon to germanium ^atio. This combination could potentially 
provide for an increase in operating temperature of about 100°C. 

The success of both approaches will result in a substantial 
performa;ice improvement over the current systems. 

In the second category of technology research is the development of 
completely new types of materials. These materials, in general do not 
abide oy the conventional or classical behavior for semiconductors. 
Generally, these material systems fall into one of two categories: 
tne rare earth cnalcogenides (La2 s 3 for example) and tne boron 
cart ides (BJ. 3 C 2 for example). Botn of these material systems 
exhibit intriguing behavior of thermoelectric properties. These 
properties have the potential of at least doubling the present 
conversion efficiencies. Efforts by NASA/JPL have concentrated 
exclusively on tnese materials fer the past year. DOE also nas a 
small program in this area. It is important to realize, however, that 
althougn much can be gained from successful development of these new 
types of materials, developmental efforts extensive in both time and 

resources are required to obtain these gains. 
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THERMOELECTRIC CONVERSION FOR REACTOR SPACE POWER 

The use of thermoelectric conversion for reactor space power is novel, 
and it is, after all, the "only proven" conversion system. This 
paradox is borne out by the cbronrlogy of thermoelectric conversion; 
the first and only reactor system in the United States (SNAP-10A) 
utilized thermoelectric power conversion. Yet since these inaugural 
dc , thermoelectric conversion for reactors has consistently been 
rejected because of its "low conversion efficiency." For most reactor 
systems in the intervening years the use of either tbermionics or 
dynamic conversion systeau such as Brayton has been proposed. Not 
until recently has tnermoelectric conversion been seriously considered 
for reactor power. It is still considered a "low efficiency" 
conversio system; its strength, however, lies in its potential for 
improvement as well as its being a "low risk" option using current 
technology. 

The current flight-qualified materials technology can be developed 
to provide a baseline power system. As improved materials do become 
available, they can be incorporated into the power system without 
significant design impact. Developing advanced thermoelectric 
materials provides the potential options for lower system mass. This 
is shown in Figure 10, which relates tne total marts of a reactor space 
power system to the operating temperatures and twwonology levels. The 
use of advarced materials also will result in a smaller, lower volume 
system, in addition to the mass benefits. 


CONCLUSION 

Altnough this paper was by no means intended to be a complete nistory 
of thermoelectrics in space, the use of thermoelectric conversion for 
space power nas successfully been demonstrated over the past decades. 
Increasea conversion efficiency and temperature operation are both 
areas that will lead to improved performance. Both of these areas are 
presently being pursued through national laboratories and industry. 
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FIGURE 2 Later version of SNAP-19 generator used by early pioneer deep-space 
missions* 
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FIGURE 4 SNAP-19 generator using lead telluride technology. 
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FIGURE 6 RTG unicouples 
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A NEW GENERATION OF REACTORS FOR SPACE POWER 


J. E. Boudreau and D. Buden 
Los Alamos National Laboratory 
Los Alamos, New Mexico 87545 


ABSTRACT 

Space nuclear reactor power is expected to make possible many new 
space missions that will require power levels up to several orders of 
magnitude higner than that of tne largest power source flown in space 
to date. Power in the 100-kW(e) range may be required in high-earth- 
orbit spacecraft and planetary exploration. The ^‘^cnnology for this 
power system range is under development for the Department of Energy, 
the Los Alamos National Laboratory oeing responsible for the critical 
components in the nuclear subsystem. (The Jet Propulsion Laboratory 
is responsiole to the National Aeronautics and Space Administration 
for the electrical power conversion subsystem development.) The 
baseline design tor this particular nuclear subsystem technology is 
described in this paper; additionally, reactor technology is reviewed 
from previous space power programs, a preliminary assessment is made 
of technology candidates covering an extended power spectrum, and the 
status is given of other reactor technologies. 

ESTIMATES OF REQUIREMENTS 

Space technologies are being developed at Department of Defense (DOD) 
and National Aeronautics and Space Administration (NASA) facilities 
for advanced systems of conmumcations, surveillance, electronic 
countermeasures, ana electrical propulsion. These systems require 
tens to hundreds of kilowatts of power. Space nuclear reactor power 
plants can meet tne needs of potential missions, and, because of 
launch weight, survivability, and otner considerations, can maxe the 
fielding of practical spacecraft possible. Because associated 
spacecraft designs continually evolve, generic missions nave been used 
to specify space nuclear reactor power plant requirements. 

In 1977, generic criteria were specified as tne result of a joint 
Energy Research and Development Administration (now Department of 
Energy (DOE)) ana DOD study. These criteria were refined in 1982, 
when NASA planetary missions were assessed. Table 1 summarizes tnese 
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TABLE 1 Space Nuclear Reactor Power Plant Design Criteria for 
100-kW(e) Systems 


Critaria 

1977 OOO 

mwitMMU 

iF-100 Functional 

Baauij««£Qta§ 

Povtr output# and of Ufa (ktf(a)) 

ID 100 

100 

Lifatias (yr) 

Full-povar oparatloi) 

7-10 la gaoaynchrous 

7 

Systaa Ufa 

3-5 Id lio£ 

10 

suability 

Dasign-ratad povar (parcant) 

95 

no£ (95) 

Loss of daalgn povar 

Favor no aingla- 

■o singlappoint 


point failuraa 

failura 

Safaty 

NASA# KM*, DOD 

tafaty guidalinaa 

Survivability 

■uelaar 

JCSS critaria 

JCS critaria 

Otbar 


aiUTH-4i 

Bad la t loo at HO (25 a) distanea 

Mautron fluanca (nvt) 

10 13 (foe 7 yc) 

ISD(10 10 -10 i3 ) 

Gaaaa doaa (rads) 

10 7 (for 7 yr) 

TBD(10 5 -10 7 ) 

Mass (v/o povar distribution) (kg) 

1,910 

no (2#000-3#000) 


iBuden and Stocky (1982). 

£leo, low earth orbit. 

2tbd, to be determined. 

ires. Joint Chiefs of Staff. 

iSMATH, satellite materials hardening. 
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criteria; they form the basis for design selection use in the Space 
Power Advanced Reactor (SPAR) program (a predecessor of SP-100) and 
the goals for the current SP-100 critical technology program. The 
SP-100 is being designed to be compatible with the Space Shuttle and 

associated orbitai transfer stages. A continuing activity will 
further refine these criteria before any commitment to ground 
engineering system tests is made. 

Table 2 presents a summary of DOD potential high-power requirements 
as presented at the Space Prime-Power Conference in February 1982. 
Those above the dashed line are planned to be used to refine the 

SP-100 requirements given in Table 1. Other papers in these 
proceedings will address some of these missions in more detail. In 
the next section, we will discuss how the mission requirements 
influenced our SP-100 design selection and, tnerefore, how major 
modifications to the requirements could alter the final decisions on 
which reactor technology should be pursued. 


REACTOR TECHNOLOGY BACKGROUND 

An extensive space reactor development program existed in the United 
States from 1955 to 1973. Since then, research and development 
efforts have been conducted on a limited basis. These activities are 
summarized below and in Table 3. 


Reactor Core Development 

The most extensive fuel development efforts took place during the 
years 1965 to 1973. Tne two areas receiving greatest emphasis 
included uranium-zirconium nydride fuel for the Systems for Nuclear 
Auxiliary Power (SNAP) pregram and coated uranium carbide fuel 

elements for the nuclear rocket (Rover) program. The former qualified 
fuel elements for 10,000 hours at a 975 K operating temperature using 
the liquid metal NaK as the core coolant. The latter operated for 2 
nours with hydrogen gas coolant at 2450 K. Both were demonstrated in 
full reactor core tests. In addition, much work was done on other 
fuel elements. These included uranium oxides, carbides, and nitrides 
in tests from 2,500 to 12,500 hours. For instance, for reactors 
cooled by liquid lithium, uranium nitride fuel elements were tested at 
1350 K for up to 6,000 hours; gas-cooled uranium dioxide cermet fuel 
elements were tested at 1800 K for up to 2,400 hours; and 
thermionic-uranium dioxide fuel elements were tested at 1960 K for up 
to 12,500 hours. 

These various fuel element test results are plotted in Figure 1 and 
snow that a variety of fuel elements covering a range of temperatures 
appear feasible for 10,000-hour-life systems. 

Current space system forecasts predict requirements for reactor 
cores lasting for 60,000-80,000 hours; the technology base for 
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TABLK 2 DOD Potential Ugb-POMi twquirmnta 


Application _ Power Laval 


Space-baaed radars 
Surveillance 
Communicat ions 
UTV (NEP)• 

Jaasis 

Lasers 

Particle bean 
Advanced concepts 


5-400 kN 
30-100 kN 
100 kN 

100 kN 
70-200 kN 
10-100 MN pulsed 
10-lOC's MN pulsed 
1-100's MN pulsed 


®OTV, orbital transfer vehicle; NEP, nuclear electric propulsion. 
SOUHCEj Conan (1982). 


terrestrial nuclear power plants might also be useful. Por such 
lifetimes, neat pipe reactors such as 8P-100 say eapioy uncoated 
uranium dioxide fuel, voile for fluidised bed reactors, 
coatcd-perticle fuels developed for high-temperature gas-cooled 
reactors are being considered. These have demonstrated 28,000 
operating hours (Parker, 1982). 

Coatings for fuel elements act as (1) a chemical bairier between 
the fuel and the coolant and (2) a physical erosion barrier. A good 
coating material, besides being cnemically compatible with the fuel 
and coolant, should have good high-temperature stability and match the 
thermal coefficient of expansion of the fuel. 8ome coatings are given 
in TabLe 4. 

Core component: such as the support, periphery, and enclosures are 
difficult to generalise because they usually are unique to a 
particular design. Gas-cooled reactors usually operate at relatively 
high pressures and thus require more massive support systems. 
Liquid-metal-cooled reactors usually operate at low pressure, but 
corrosion and erosion are more of a concern. Heat-pipe-cooled 
reactors require a fluid containment structure within each heat pipe 
and avoid the tbermal-nydraulic interaction problems. 


rieflector and Control Assemblies Development 

beryllium nan been used as the reflector material for a number of 
space reactors. Various arrangements of movable elements have been 
used in the reflector for reactivity control. These vary from sliding 


TABLE 3 Principal U.S. Space Nuclear Reactor Programs 
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TABU 4 FUti Bimnt Coatings 


Puel 

•4 J • j 

Coolant 

Coatinq 

Teaperature (K) 

U-lrH 

SNAP 

NaK 

Hastelloy N 

1035 

uc 2 

Rover 

h 2 

NbC, ZrC 

2700 

U0* 

SPAR/SP-100 

U, Na 

Ho-13% Kei 

2200 

uo 2 

710 

Ueon 

T-lil 

N-30-Re—30-MO 

1800 

UN 

SNAP-50 

Li 

Cb-1 Xr-0.090 C 

1350 

1500 

U0 2 , DC 

In-core 

thermionic* 


w 

2200 


*Heat pip* wail separates fuel frow heat transport fluid. 


blocks, to rotatable bait cyclinders, to rotatable druas with poiso>>. 
segments. All us* soas fora of actuator for aoveaent of tb* 
reactivity control eleaent and require bearings in tb* aovaol* neater. 

Tb* longest operational tines for berylliun reflectors were 
experienced in reactors fueled with uranium-sirconium bydrid*. These 
reflectors were cooled by Hal liquid natal. Tb* SNAP-8 Demonstration 
Reactor (S8CR) reacned a neutron dose of 1 x 10 20 nvt and a gaaaa 
dose of 1 x loll da (Norton and Kurseka, 1982). During steady 
state conditions, tne reflector operated at around 600 K. The 
berylliun was anodised to provide oxidation protection and eaittanc* 
enhancement, in a l-y*ar vacuua test, tb* reflector drive operated 
satisfactorily with no signs of self-weloing or sticking of any 
component. Bearings of i solid carbon-graphite ball (Pigur* 2) 
operated successfully for 7,000 bours in tb* S8DR reactor test. Pour 
individual bearing sets coapleted 12,000 bours of vacuum testing at 
895 K and 1.3 x 10" 3 Pa or lower and altogether accumulated over 
100,000 test bours. 

Space-qualified, long-life control actuatora were most bignly 
developed in tb* SNAP prograa. Successful operation of actuators was 


demonstrated in reactor system 

Program 

s (Donelan, 1973)i 

Actuators 

Hours of 
Operation 

8NAP-10A ground test 

2 

10,000 

SMAP-10A flight 

2 


S8DR 

8 

8,400 
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The SNAP-10A actuators were designed to provide 8.5 N-cm torque at 
615 K; S 8 DR, 26.1 N-cm of torque with a position of 0.41° at 810 
K. In development testing, one of the S 8 DR units was tested for over 
20,000 hours without failure* 


Shielding Tecnnology 

The longest-life demonstration of space shielding technology is 
associated with the SNAP program. Similar technology can be applied 
to a space reactor within the operational constraints of the 
materials. For SNAP-10A, five cold-pressed lithium hydride (LiH) 
shields were fabricated. One was used in the SNAP-10A flight and 
another in the FS-3 ground test. The latter successfully operated 
some 10,000 nours as part of the reactor test assembly. Visual 
examination of the LiH block following the completion of the test on 
March 15, 1966, showed only slight surface darkening and one (out of 
eight) broken Hastelloy spring. The spring failure was attributed to 
fatigue. Dimensional measurements of the LiH block revealed that it 
remained within the accuracy of the measurement (±1.2 percent). Also, 
the lattice parameter and density of LiH samples removed from the 
block were found to aqree very well with the unirradiated LiH values 
(Keshesnian et al., 1973). Activation analysis of the stainless steel 
vessel indicated fast-neutron fluence of 2.6 x 10 ie nvt at the top 
of the vessel and 8.9 x 10^5 nvt at the bottom of the snield. 
Thermal-neutron fluences of 4.9 x *0 i7 and 3.8 x 10^6 were 
measured at tne top and at the bo^t ™* 1 of the chi'*Id, respectively. It 
was concluded mat the coid-preseed LiH block withstood tne rigors of 
me reactor experiment without noticeable damage, but improved support 
was needed to avoid damage during launch. 

Evaluation of the methods for fabricating LiH shield shapes led to 
a melting and casting process instead of the cold-pressing and 
machining methods, by means of this faster, cheaper, and more 
versatile process, more structurally reliable shields could be 
fabricated because me LiH could be solidified in the shield vessel 
intimately surrounding all internal structural members, penetrations, 
etc. Also, in SNAP- 8 , the substitution of lithium enriched with the 
7 Li isotope reduced the nuclear heating in the shield. This was 
done in only a segment o: the shield to reduce cost. The shield 
assembly is shown in Figure 3. In tne 7,000-hour SNAP -8 test, the LiH 
shield was exposed to a maximum fluence of approximately 10*9 nvt 
and to temperatures ranging from 365 to 500 K. Post-test evaluation 
snowed the shield vessel to be clean and the chromic oxide emissivity 
coating to be intact, except for some spalling where the top head and 
the sidewall met. The top of the vessel was estimated to have bulged 
about 1.6 cm, Dut no bulging was notea on the sidewalls. Examination 
of the LiH under tne wafer showed the material to be hard and 
crystalline, as is typical of cast LiH. 
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TtlK SP-100 NUCLEAR SUBSYSTEM 

On the basis of the above history, analytical studies were performed 
over a 2-year period to select components foe the SPAR power plant in 
conformance with potential UOD requirements in Table 1. These studies 
were reviewed following definition of refined requirements for SP-100 
and will be reviewed further as more detailed mission studies refine 
the requirements. The major considerations in selection of a heat 
pipe reactor for the 100-kM(e) power levei were weight, lifetime, and 
reliability factors. The SP-100 is being designed for 7-10 times the 
lifetime at one-third the weight of a SNAP-8 power plant and yet with 
an objective to have no single-point failures. 

The SP-100 nuclear subsystem, shown in Figure 4, consists ofi 

1. the nuclear reactor as the thermal power source, 

2. core neat pipes to transport the thermal power from the nuclear 
reactor to tne conversion/radiator subsystem, 

3. the radiation shield to attenuate nuclear radiation to the 
payload, and 

4. the reactor controller to recuiate the nuclear reactor. 

The reactor incorporates neat pipes to transport the heat out of 
the .ore to the tnermoelectr ic subsystems. A fast-spectrum reactor 
fueled with highly enriched U0^ was selected for long-life, compact 

core design. Use of UO 2 as the fuel permits operation at high 
temperatures and maintains material interactions at an acceptable 
level. Heat pipes were selected to provide many redundant heat 
removal paths without pumps or compressors to transport heat from the 
reactor. 

The reactor has a core region composed of fuel modules with fuel 
arranged in layers between circumferential firs, which are attached to 
the heat pipes. Tne fins enhance neat transfer from the UO 2 to the 
heat pipes and thereby reduce the temperatures in the fuel. Tnese 
fuel modules are m rows around the central safety plug and compose 
the core. Surrounding the core is a container that provides support 
to the fuel modules out is not a pressure vessel. Tne container also 
provides noncompressive support for tne multifoil insulation. 

Multiple reflective insulation layers lower to an acceptable level the 
core heat loss to the reflector. The reflector surrounds the core and 
reflects neutrons back into the fuel region. Located within the 
reflector are drums that are driven by electromecnanical actuators. 

On part of these drums xs a neutron-absorbing material, and the 
positions of this material are used to establish the reactor power 
level. 

Tne core neat pipes emanate from the reactor core, bend around the 
radiation attenuation shield, and continue to tne end of the 
conversion/radiator subsystem, where the heat is transferred by 
radiation. The radiation attenuation shield is located between the 
reactor and payload and acts to minimize the reactOL-gener^ted 
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radiation. This shield primarily contains two types of 

mater ials--iow-atou*AC-weight atoms '' iH) to attenuate neutrons, and 

hign-atomic-weight atoms (tungsten) to act as a gamma radiation shield. 

Figure 5 is a cutaway view of the reactor. The reactor core is 
made up of heat pipes and fuel modules. The circumferential fins 
ititnin core are mat*w of the same metal as the heat pipes, a 
lov-rhen ^—content alloy of molybdenum. Fuel tiles are sandwiched 
between the fins. A central hole in the core provides space for a 
ooron carbide (B 4 C) plug that rould maintain the core subcriticai if 
water immersion occurred and all heat pipes were broken. This central 
plug is a safety feature used only during launch and is removed once 
tne shuttle reaches orbit. Figure 6 shows the individual fuel 
modules. The fins are an integral part of the heat pipe, while the 
fuel is fabricated as tiles and placed between the fins. 

The fuel selected is 93 percent As a result, distinct 

axial and radial power profiles exist in the core. Instead of varying 
the isotopic content of the fuel, ths amount of f^el in each row of 
modules is varied so that an equal quantity of heat Is generated per 
module. Thus each heat pipe transports approximately the same amount 
of power. Axial temperature flattening is naturally achieved by the 
heat pipe itself. 

Uranium dioxide fuel swelling is a function of both temperature and 
time. Data on fuel swelling are given in Figure 7. The design 
provides void volume to accommodate both the estimated fuel swelling 
and the thermal stress generated by fuel swelling. Axial swelling is 
accosmKxiated by the periodic omission of a fuel tile. In the radial 
direction, void space is provided for fuel selling. 

Failure of a heat pipe to conduct thermal power has led to 
evaluations of whether excessive fuel temperatures occur. In case of 
heat pipe failure, transient analysis indicates a peak temperature 
buildup m a few minutes because of poor thermal contact between 
adjacent fuel modules. However, within 24 hours the fuel from the 

failed module is expected to redeposit, increasing the thermal contact 
and reducing the fuel temperature to acceptable limits. 

The reflector reduces neutron losses from the core. The reflector 
section not penetrated by heat pipes is made of beryllium. The 
reflector section that is penetrated by the heat pipes is made of 
beryllium oxide (BeO) and operates at a temperature of aoout 800 K. 

It is cooled by radiation to space from its outer surface, and 
multifoil thermal insulation is wrapped around the core to minimise 
heat leakage from the core to the reflector. Of most concern is 
swelling and loss of thermal conductance caused by neutron 
irradiation. The primary cause of the swelling in beryllium is the 
formation of helium by (n,2n and Ot ) reactions. At temperatures above 
375 K, helium gas accumulates into bubbles, and swelling proceeds as 
tne bubbles grow. No significant swelling (less than 1-2 percent) 
appears up to approximately 825 K. 

Within the reflector are 12 control drums. Each drum has an arc 
segment of neutron-absorbing material of B 4 C on one side. 
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Reactivity is altered by rotation of the neutron-absorbing material. 
Each drum would be rotated with a stepping-motor actuator, which is 
located on the side of tne radiation shield away from the core for 
protection from high nuclear and thermal radi* ion. The reactor has 
built-in excess reactivity (approximately S percent) to account for 
control margin, fuel burnup, temperature coefficient, and 
uncertainties. The B 4 C is enriched to 90 percent i0 B to provide a 
reactivity worth of 12.5 percent. Its volume will increase by about 2 
percent after 7 yearn. 

To meet safety requirements, tne reflector is designed to 
disassemble during atmospuenc reentry and consists of segments held 
together by molybdenum retainer bands (Figure 8 ) • These bands provide 
mechanical integrity to tne reactor during launch and operations, yet 
rapidly oxidise during atmospheric reentry. Table 5 lists the 
characteristics of the nuclear reactor. 

Examination of the core heat pipes in more detail snows a closed 
containment pipe# a capillary wick structure, the lithium heat 
transfer fluid, and «. material lor gettering impurities. The heit 
pipe container is made of a lov-rhenium-content alloy of mo ly ode mm, 
which was selected oecause of its potential excellent high-temperature 
creep strength and its compatibility with the internal working fluid 
and the uranium dioxide fuel. It is ductile at low temperatures, so 

that it should be able to withstand the launch loads of th% space 
transportation system. Litniuu is used as the working fluid because 
of its high heat capacity and surface tension and its low operating 
pressure. 

Capillary action returns the lithium from the condenser section to 
the evaporator. The artery design provides a low-pressure-drop, 
redundant wicking structure, a circumferential distributive wick is 
used to move the condensing fluid to and from the arteries, while the 
arteries transport the lithium axially. The limitations of heat pipe 

performance, in this conceptual system assign, are the sonic limit, 
which controls the flow rate in the pipe at a given temperature, and 
the flow limit determined by the capillary pressure that can be 
acnieved with a given wicx pore sise. 

Getter materials are included in tne heat pipe so that residual and 
diffused impurities are absorbed and will not react with the heat pipe 
container walls or wick. Typical heat pipe characteristics are given 
in Table b. 

The radiation attenuation shield design! are based on the SNAP 
program devel ^ ^ant. The operating temperature of the radiating 
shield must be at least 600 K to allot reabsorption of radiolyticaliy 
decomposed hydrogen, thus preventing swelling. Conversely, the shield 
should remain below 675 * to avoid hydrogen loss from excessive 
thermal disassociation if the casing is punctured by meteroids. To 
avoid single-point failures, the Lid is encapsulated in a number of 
compartments, so that pressure containment failure will oeplete the 
hydrogen in only a small part of the shield. The tungsten will 
operate satisfactorily at the LiN temperature level. 
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TABLE 5 Nuclear Reactor Characteristics 


Tnernul power 

Heat pipe evaporator vapor temperature 
Maximum U0^ temperature 
bOL reactivity (K e ££) 

Fission per 7 yr 

UO^ swelling per 7 year 

Burnup 

Redeposition of Mo and UO^ 
on neat pipes 
Core diameter 
Core r.eignt 

Be reflector average thickness 
beO reflector thickness 
Reactor diameter 
Reactor neight 

plug mass 
Component masses 
Fuel and fin 

Heat pipe mass to reactor exit 

Inner and outer cans, multifoil 

Fu»l module support platec 

Reflector 

Actuator 

Structure 


1.47 MW 
1,SQ0 K 
1,730 K 
1.05 

8 x 10^0 fis/cim* 
8 % 

3 . 6 % 


0.5 mm 
33.1 cm 

33.1 cm 

9 cm 

10 cm 

54.2 cm 
55.0 cm 

3.1 kg 

185 kg 
20 kg 
9 kg 
5 kg 
150 kg 
42 kg 
29 xg 


Reactor total mass (excludes plug) 440 kg 


Tne radiation shield mass is cased on LiH at 94 percent of 
theoretical density, with 20 petcert added to account for such items 
as structure, casing, loading springs, and reinforcing mean. Tne 
tungsten needs no supporting structure. Tne characteristics of the 
snield are presented in Table 7. 

The current reactc* controller concept employs 12 rotating drums 
surrounding tne core. The control drums will be operated under 
closeo-ioop control using functionally redundant controllers. Safety 
criteria dictate that to prevent overheating of high-temperature 
system elements, the reactor controller will provide a power cutback. 
In addition, shutdown control function will scram the control drums if 
an emergency shutdown situation iB detected. 

For start-up, temperatures are expected to be controlled on the 
basis of tne temperature of the core neat pipes. To avoid excessive 
power and temperature overshoots due to long-time constants in 
transfer functions, tne current start-up depign takes several hours. 
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TAbLE 6 Core Heat Pipe Characteristics 


Nuuujer of iieat pipes 
Heat pipe outside diameter 
Wall thickness 
Total hect pipe lengtn 
Evaporator length 
Adiabatic length 
Condensor lengtn 

Power transmission design margin 
Design power transmission 
Evaporator radial power density at inside 
diameter 

Evaporator vapor temperature 
Evaporator wall outside temperature 
Minimum consensor wall temperature 
Number of arteries 
Artery inside diameter 
Distribution screen w^ucKness 
Working fluid 

Evaporator vapor pressure at 1500 K 
Getter material 

Container ductile-brittle transition temperature 
Heat pipe raass/meter 


120 

15.5 mm 
0.75 mm 
9.OB ro 
0.33 m 
1.22 m 
7.53 m 

1.5 

12.3 kW 

85 W/cm^ 

1500 K 
1507 K 
1480 K 
4 

2.1 mm 
0.3 mm 
Litnium 
83 W-k 

Hafnium, zirconium 
140 K 
0.44 kg/m 


Total neat pipe mass outside reactor 


460 kg 


A representative start-up scheme based on methods developed in the 
Rover program will: 

1. ramp tne control drums relatively quickly from shutdown to a 
position well below cold critical 

2. ramp the drums througn cold critical very slowly 

3. switch to temperature control wnen the temperatures of the heat 
pipes reach the minimum controllable value 

4. raise tne power level to increase the control temperature 
enough to permit normal operation. 

Safety is an important part of the control system, and redundancy 
is the key to providing hardware systems with good safety 
characteristics. Safety features as now envisioned are as follows? 

1. The control drums are pinned in the shutdown position with 
captive-key locks for all noncritical earthbound nuclear operations; 
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TABLE 7 Radiation Shield Characteristics 


Neutron fluence* 

Gamma dosei: 

Cone half-angle 
Axial thickness 
Side length 
Maximum diameter 
Component mass 

Mass of LiH plus container 
Mass of tungsten 
Total shield mass 


±0^2 nvt 

10 6 rads/siiicon 
150 

80 cm 
80 cm 
105 cm 

485 kg 
305 kg 

790 kg 


*Fuli power, 7-year accumulation at 25 m from the center of 
the reactor core. 


It will be possible to unlock and operate one drum at $ time for 
testing. The pins will be remove! before start-up. 

2. A central plug of B 4 C is installed in the core for launch and 
removed after a safe orbit is achieved. 

3. The control drum actuator has a brake that holds che drum in 
position until the brake is energized. The motor does not have enough 
torque to drive the drum with the crake engaged. 

4. With 12 control drums, shutdow** could be attained even if some 
of the arums were to become inoperative. 

5. Redundant parallel-operating self-test reactor controllers will 
ramp the control drums to their shutdown position if exther controller 
fails. Tne redundant controllers do not share electronic components 
or energy systems. The system is planned for reset to normal 
operation and restart after an emergency shutdown. 

6 . The drums will be spring loaded for return to shutdown in case 
of loss of electrical power. 

The heat from the core heat pipes is radiated U> tne thermoelectric 
elements, as shown in Figure 9. Then it is conducted through the 
tnermoelectric material, producing the electrical energy. Insulation 
is uced atouna tx>° thermoelectric material to reduce the thermal 
losses. Beat that is not used is radiate from the outside surface to 
space; this is the cold shoe component of the thermoelectric 
elements. By distributing the thermoelectric elements over a wide 
area wicn a sufficient number of elements, the cold shoe becomes a 
radiator. 

Tables 8 and 9 give the performance and other characteristics of * 
typical 100-kW(e) power plant* The power plant mass is 2,770 kg if 
improved silicon-germanium thermoelectric materials are used, and less 
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TABLE 8 Nuclear Subsystem Performance 


Thermal power 

1.47 MW 

Heat pipe evaporator vapor temperature 

1500 K 

Component mass 

Reactor 

440 kg 

Core neat pipe 

.60 kg 

Radiation shield 

790 kg 

Reactor controller 

10 kg 

Total subsystem mass 

1,700 kg 


than 2,GOO Kg with caroide or sulfide conversion materials. The 
overall length is 8.5 m for the former conversion. 

The current SP-100 power output can De increased oy adding rows of 
fuel modules to the cores and coupling the nuclear subsystem to higher 
efficiency converters. For example, coupling the current l,600-kW(t) 
reactor design concept to a 25 percent efficient Brayton cycle would 
produce 40Q-kW(e). Additional rows of fuel modules plus dynamic 
converter concepts achieve a potential growth to several megawatts 
(electric) . 

POTENTIAL TECHNOLOGY CANDIDATES FOR HIGHER POWER LEVELS 

as presented in Taoie 2, several identified potentirl DGD missions 
require megawatt power levels. Figure 10 roughly classifies leading 
technology candidates on the basis of reactor type, conversion system, 
and heat rejection system. The neat pipe reactor nas a potential 
growth to about 40 MW(t). 

As depicted in Figure 10, tnermoelectric converters, currently 
planned for SP-100, are limited to the power-production region below 
200 kW(e) because of the numder of modules involved and their low 
efficiency. From 200 KW(e) to the megawatt level, power conversion 
converters such as Rankine, Brayton, and Stirling cycles would not 
require any increase in reactor temperatures. Thermionic converters 
are yet another possibility, but would require reactor temperatures 
several hundred degrees Kelvin higher. Higher temperature operating 
reactors would increase fuel swelling and material concerns. 

Converter efficiencies of 15-30 percent are possible, but the 
higher efficiencies lead to lower heat rejection temperatures. 

Because heat radiated to space follows a fourth-power relationship in 
temperature (T*), high reject temperatures lead to reduced radiator 
areas. As power levels increase, higher neat rejection temperatures 
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TABLE 9 SP-100 Ptrfoiatncc and Nan Suuu'; 



Late 1980s 

Early 1990s 

Output £bwer (kW(cj) 

Range 

10-100 

10-100 

Nominal 

100 

100 

Reactor tnermal power (krt(t)) 

Range 

Reference design 

200-1,600 

1,470 

950 

Design life (yr) 

Design power 

7 

7 

Total 

10 

10 

• 

Overall dimensions 

Length (m) 

d.5 

7.0 

Diameter (aax) (a) 

4.3 

4.3 

Radiator area (■?) 

70 

43 

System aass (at reference design) (kg) 
Reactor and controls 

450 

380 

Shield 

790 

670 

Heat pipes 

460 

225 

TK conversion and circuitry 

250 

155 

Thermal insulation 

290 

195 

(including end panels) 

Radiator 

100 

35 

Power control subsystems 

130 

120 

Interface equipment and structure 

300 

205 

Total system mass 

2,770 

1,985 

Specific power (W/kg) 

36 

50 


usually uoainate the cnoice of converters. Although wort has been 
perforated on these convercers in the past, activity on these space 
conversion systems is presently quiescent. Mhile there appear to be 
no technology barriers to power plants up to a few aegawatts, active 
developaent is needed if any of the power options above a few hundred 
kilowatts are to oe available to space aission planners. 

As the power level oeaand expands to tens or megawatts, solid-core, 
fluidixed-bed, or even gaseous-core reactors should be considered. 
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Por spa solid-core reactors wore developed most extensively as part 
of the . ~lear rocket program* The Rover design featured a 
graphite-moderated, hydrogen-cooled core (figure 11). The 93.15 
percent ^35y fuel was in the form of uranium dicarbide particles, 
coated witn a pyrolytic graphite. The fuel was arranged in 
hexagonal-shaped fuel elements, coated with zirconium carbide; eqph 
element had 19 coolant channels. The fuel elements were supported by 
a cie-tube structural support system, whicn transmitted the core axial 
pressure load from the hot end of the fuel elements to the core inlet 
support plate. Surrounding the core was a neutron-reflective barrel 
of beryllium, with 12 reactivity control drums containing a 
neutron-absorbing material. Tne reactor was enclosed in an aluminum 
pressure vessel. Electric power up to 100 MW could be generated by 
replacing the rocket thrust nozzle witn power conversion equipment. 
Tnis is a limited-life system, possibly useful for directed-energy 
weapons (DEWs). A low-power (electric), long-life mode could be 
achieved by extracting energy through the tie-tube support system. 

Tne Rover technology is ready for flight development, naving been 
tested in some 20 reactors (Figure 12)• °eak performances are shown 
in Table 10. 

High-power requirements also might be met by *luidized-b6C* 
reactors, in either the rotating or the fixed-bed forms. The former 
was investigated as a rocl.et propulsion concept, and the latter has 
been proposed for space el^trical power. A modest research effort in 
fluiaized-bed reactors was carried out from 1960 to 1973. 

In rotating-bead reactors, the fuel, in the form of small (100- to 
503- Mm-diameter) particles, was retained oy centrifugal force in a 
rotating cylindrical structure. Tne fuel was UC-ZrC and was in an 
annular arrangement, as seen in Figure 13. A rotor drive unit rotated 
a cylinder made up of a porous material. Hydrogen propellant passed 
first through tne coolant passages in the rocket nozzle and then 

through tne reflector. All or part of the flow passed through tne 
turbine and then entered the core region. The gas flowed radially 
inwara thiougn the cylindrical structure and annular core at a 
velocity sufficient to fluidize most of the bed. The heated gas then 
flowed out through the nozzle. Predicted exit gas temperatures were 
about 3000 K, with a power density of i,000 MW(t)/m3. control of 
the rotating-bed reactor was by arums in tne reflector that had 
moderator on one side and neutron absorber on the opposite side. Some 
typical design parameters are slown in Table 11. 

Lower temperature, electric-generation systems can replace tne 
rotating bed witn a fixed-bed configuration. The major advantage of 
tne fluidized bed is the simple core structural arrangement. So far, 
experimental work has been restricted to cold flow teats. Ma^or 
development is needed to demonstrate a fueled reactor configuration. 

Another candidate for megawatt-power reactors is a gaseous-core 
reactor system. The central component of such a gaseous-core reactor 
is a cavity where the nuclear fuel is in the gaseous state. The 
reactor concept shown schematically in Figure 14 is an externally 


TAIL! 10 Reactor Kyattaa Tilt Mttomnci 



Eim- 

4 tt* 

MU-A6 

Pboebus- 

2A 

Pewee-1 

Reactor power (Ml) 

950 

1,147 

4,080 

507 

Flow rate (kg/s) 

Fuel exit average 

31. S 

32.7 

119.2 

18.4 

teaperature (K) 

2330 

2472 

228 3 

2554 

Chamber temperature (K) 

1980 

2342 

2254 

i837 

Chaaoer pressure (MPa) 

3.49 

4.13 

3.93 

4.28 

Core inlet temperature (K) 

<U>4 

128 

137 

128 

Core inlet pressure (MPa) 

4.02 

4.94 

4.73 

5.54 

Reflector inlet temperature (K) 

72 

•4 

48 

79 

Reflector inlet pressure (MPa) 

4.32 

5.19 

5.39 

5.79 

Periphery ana structural flow (kg/s) 

2.0 

0.4 

2.3 

4.48 


moderated cavity assembly that contains tha uraniua fuel in tna 
gaseous phasa. for teaperature requirements iasa than a few thousand 
Kelvin, tha appropriate nuclear fuel would be uraniua hexafluoride, 
UF 6 . Above about 5000 K, uraniua aatai would be vaporised ana 
ionised with the fuel as a fissioning piasaa. At lower temperatures 
it is desirable and at bic’.„r teaperatures it is necessary to keep the 
gaseous fuel separate froa the cavity wails. This is accoaplisbed 
through fluid dynaaics by using a oigber-veiocity buffer gas along the 
wall. Power is extracted by convection or optical radiation, 
depending on teaperature. 

Gaseous-core reactors offer staple core structures and certain 
safety and aaintenance advantages. The basic research and developaent 
was cuapieted before prograa teraination, including the deaonstration 
of fluid necoanical vortex confineaent of uraniua hexafluoride at 
densities sufficient to sustain nuclear criticality. 

Returning to converters, a higb-teaperature Rankins cycle appears 
to ofter advantages in closed-cycle, tere-of-megawatts systeas because 
efficiencies are reasonably hign (approximately 20 percent) with high 
neat rejection teaperature (1000 K). For spacecraft operations, 
closed-loop systeas appear desirable because of potentially longer 
operation tiaes and less interference with spacecraft aynanics. When 
radiator sise and weight Dscoaa excessive ana open-loop systeas oecoae 
necessary, tnen a converter like a gas srayton cycle provides such 
higner efficiency tnan a Rankine cycle. 

An attrmpt has been made to quantify power plant weights froa 100 
kW(e) to 100 Mtie). The reactor and shield technologies are deeaed 
sufficiently developed to aake reasonable projections, but converters 





TABLfc 11 Illustrative Jtotating-Bed Mac tor Design Parana tars 


23 5 u rusi 

beu internal dimur 

63.5 ca 

Beu neight 

63.5 ca 

Fuel oeo thickness 

102 . ca 

netlector thickness 


Maaial 

30 ca 

Axial 

30 ca 

Throat diameter 

18 ca 

Overall neight 

123.5 ca 

Overall di/SMter 

143.8 ca 

Critical miss 

156 kg 

Bed voidag<» 

60% 

Uranium concentration 

9.5 st % 

Chamber prtssure 

1.125 psis 

H 2 flow rave 

20 kg/s 

Power (T - 3000 K) 

1#000 MB 

Reactor weignt (including pumps and pressure vessel) 

4,' T 50 kg 


and radiators aoova tne megawatt range require extensive analysis and 
development to arrive at realistic values* Figure 15 snows tne shift 
in relative weights in power plants as power xevei increases. Reactor 
anu snield weights go from being a significant portion of the total 
system weight in the 0.1- to l-MM(e) range to only a small percentage 
of the total at iOO-MM(e) . At 1 MN(e) , the converter is the dominant 
weight component. Above this level# tne radiator dominates. Major 
advances will oe ne e ded in converter and radiation technologies to 
develop practical closed-loop power plants in the lOO-Mtf(e) range. 


SUMMARY 

The SP-100 class of nuclear subsystem design provides a basis for 
critical ccjaponent development* As mission requirements become better 
defined# as more detailed analyses are performed# and as the results 
of component testing are completed# this particular design can oe 
updated. The heat pipe concept appears to be a reasonable baseline. 
Plans are being considered to seen improvements both in the general 
reactor design approach and in specifics on component details. 

The SP-100 technology may be capable of meeting power levels 4 to 8 
times that of the largest power source flown to date (25-*W(e) in 
Skylab) if actively supported and carried through to flight 
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development. Extension of SP-100 technology might meet power 
requirements 50 timei this level. At higher power levels, otner 
versions of nuclesr power plants must b'' investigsted end detailed 
studies must be done to identify the best technological approaches. 

Those realistic reactor concepts that can meet high-priority 
mission needs will, of course, have near-term priority. If necessary, 
some limitations in performance nay be accepted to accelerate 
availability. As a first step, a good system study to evaluate 
technology candidates for the 1- to 100-MM(e) regime is required. It 
could identify the prime candidate for a reactor tecnnology for up to 
10 MW(e), and possibly a candidate for a reactor technology for up to 
100 MW(e). Converters might include a midrange closed-loop system, 
such as a Rannine cycle, and a nigh-range open-loop system, such as a 
Brayton cycle. A modular approach might minimize the number of unique 
units to be developed. Beat rejection systems will require definite 
tecnnology advancements tor the nigner megawatt regime. 

Mission requirements and reactor and conversion suosystem 
technologies must ne assessed early prior to embarking on a vigorous 
national space reactor power system development. 


REFERENCES 

Buden, 0., and J. Stocky. 1982. SP-100 Functional Requirements, 

Nuclear Space Power System. Kep. JPL SP-100-1, Jan. 19, 1982. 
Pasadena, Calit.: Jet Propulsion Laboratory. 

Cohen, M. 1982. Space Prime-Power Conference. Proceedings or tne 
AFQSR Special Conference on Prime-Power for High Energy Space 
Systems, Norfolk, Virginia, Feb. 22-25, 1982. Washington, O.C.: 
Air Force Office of Scientific Research. 

Donelan, L. E. 1973. Zirconium Hydride Reactor Control Lrive 

Actuator Development. Rep. AI-ABC-13GSG, June 30. Canoga Park, 
Calif.: Rockwell International. 

Horton, P. H., and W. J. Kurzeka. 1972. Zirconium Hydride Reactor 
Control Reflector Systems Summary Report. Rep. AI-AEC-13078, June 
30, 1972. Canoga Park, Calif.: Atomics International. 

Kesheshian, V, J. V. Facha, R. J. Thomson, and F. h. welch. 1973. 
Radiation Shielding for Zirconium Hydride Reactor Systems. Rep. 
AI-AEC-13081, June 26, 1973. Rockwell International. 

Parker, G. H. 1982. Gas Cooled Reactors for Large space Power 

Needs. Proceedings of the AFOSk Special Conference on Prime-Power 
for High Energy Space systems, Norfolk, Virginia, February 22-25, 
1982. Washington, O.C.: Air Force office of Scientific fesearcb. 


FUEL TEST DURATION (h) 


39 


10 


NaK COOLEO 1 
(REACTOR) * 


Li COOLED 


UN 


Li COOLED 
UC 


' IN-CORE 

* THERMION ICS _ 
U0 2 : 

GAS COOLED I 

• U0 2 CERMET 





H 2 COOLED : 

C COMPOSITE - 

H-COOLED . 

UC GRAPHITE 

_j_ iMATRIX (REACTOR) 

1000 2000 3000 

TEMPERATURE (K) 


FIGURE 1 Fuel technology (mexiinufli-duration single test). 


F T 1 




40 



FIGURE 2 SNAP-8 composite bearing 
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SP-lOO nuclear subsystem. 
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FIGUFfI 13 Rotating fluidized-bed rocket engine. 
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FIGURE 14 Nuclear fission plasma core dual-mode system concept* 













































FIGURE 15 Distribution of power plant weight (percent). 


8CME dJ^H-TMWBBATUBK REACTOR TECHNOLOGIES 


U. J. Snyder 
GA Technologies, Inc. 
ten Diego, Cali tor me 92130 


INTRODUCTION 

uig^i-temperature nuclear reactor tecnnology baa been under development 
Cor'30 yeara. Ir. toe UMi, much effort directly supported space 
pow e r ana propulsion systems, but during the last 10 years, these 
efforts were deferred when espnasis was placed on developing the space 
transportation system. The application of nuclear pow e r in space is 
currently being reexamined to satisfy apparent needs for military 
surveillance, communication, electronic countermeasures, propulsion, 
and offensive/defensive directea-energy weapons. Oompa c t, 
nigh-performance power systems will be required to meet military 
survivability criteria of hardening and maneuverability in nostiie 
environments, for many of these applications, nuclear power may well 
be the best alternative (Buden et al., 1979) Layton at al., 1901). 

Over the past 25 years, GA Technologies, Inc. (GA), formerly tne 
General Atomic Ooqpany, nas continued to develop tne higb-ceaperature 
reactor technologies that could apply to a nuclear space power system 
(General Atomics, 1973aj Simon, 1902). Table 1 shows the development 
programs tnat have contributed to these tecnnologies: (1) metal-clad 
fuel, (2) coated-particie fuel, ana (J) tne thermionic reactor. The 
development status of tnese systems extends from one extreme, where 
tne performance and lifetime reasibility nave been fully developed, to 
the other extreme, where much additional basic research is needed. 

The first reactor technology uses a fast reactor core consisting of 
superailoy- or refractory-metal-clad fuel rods that are cooled by the 
gas working fluid of a Brayton cycle. Haste heat is rejected by a 
heat pipe radiator. This reactor has relatively lower potential 
spiteif ic power performance tnan the other systems, however, botn the 
reactor fuel and tn turbomseninary are fully developed and 
demonstrated so that a prototype ground demonstration reactor could be 
designed without any additional research and development. A flight 
qualification reactor could be Available within 6 years. 

The second reactor technology uses high-temperature, coated fuel 
particles for flexibility in reactor design and in selecting fuel and 
coating material. The particuif. can oe designed to completely 
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.ABLE i uA higb-TSaperature Ha actor Development Programs 


Program _ 

Metal-clad fuel 

Maritime Gas-Cooled Reactor (MUCK) 
Experimental Beryllium Oxide Reactor (EBOR) 
Gas-Coo led Past Reactor (GCPR) 

Deaonstration plant 
Commercial plant 
Ooated-particle fuel 
Peacn Bottom 
Fort St. Vrain 

Hign-Temperature Gas-Cooled Reactor (HTGR) 
UHTREX coated-,»articie-fuel production 
NEKVA coated-particle-fuel procaction 
Thermionic reactor 

in-core thermionic space power reactors 
TRIGA reactor 


Power 


70 MH(t) 

10 MW(t) 

300 MM(e) 

1,200 MW(e) 

40 MW (e) 

JOO MW(e) 
250-1,500 MW(e) 


10 kW(e) to 1 MW(e) 
Up to 13 MW(t) 


restrain fuel swelling and retain fission products. They can be 
assembled into many configurations to achieve the reactor design 
objectives. Pour configurations are of specific interest: (1) an 
alternate core design for use in the SP-100 system, (this system is 
the reference nuclear space power concept being developed by Lcs 
Alamos National Laboratory—.»ee the section on the SP-100 alternative 
reactor concept for a further description), (2) a reactor design 
similar to SP-100 but using all-caroon components and carbon neat 
pipes to significantly improve temperature, (3) a core composed of 
gas-cooled fuel assemblies to heat a Bravton cycle, and (4) a 
gas-cooled reactor using particle fuel in a fixed or rotating ced to 
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provide the luima attainable 'oolant temperature for uaa with 
advancad power convarsion systems. 

Tha third reactor technology uaea in-core thermionic ceils, based 
on tna highly successful U.S. development prog ran terminated in 1973 
(General Atomics, 1973a) • This concept waa adopted by the Soviet 
Union for its TOPAZ apace power reactor. It offara potentially very 
nigh system performance in terma of apecific weight and apecific 
volume, thermionic fuel celia have a demonatrated in-core lifetime of 
more than i year and could have extended lifetimea with further 
development. 

Each high-temperature reactor technology ia a viable candidate 
ayatem for the U.S. apace nuclear power program and, along with other 
candidate technologies, enould be carefully evaluated to beat meet all 
the criteria, objective!!, and operational requirement* tor future U.S. 
apace miaaiona. 


GAS-COOLED, METAL-CLAD REACTOR TECHNOLOGY 

Proqram Background 

The gas-cooled, metal-clad reactor technology of interest for nuclear 
space power application began in the 1950s. Gaa is inherently 
attractive as a reactor coolant, because it is a single-phase fluid 
that can be operated to nigh temperatures at relatively low 
pressures. This advantage is offset by the higher pumping power 
required and the lower heat transfer performance of a gas relative to 
a liquid. 

A gas-cooled nuclear reactor allows direct coupling of the reactor 
to a brayton power conversion cycle. This results in a single-loop 
power conversion system coupled to a neat pipe radiator for redundant 
heat rejection. This system has a number of unique advantages, which 
enhance the performance and reliability of a space power system: (1) 
elimination of corrosion, erosion, and maos transfer; (2) single 
working fluid and bearing lubricant; (3) single-phase fluid, 
eliminating low-gravity condensing problems; and (4) simple start and 
restart. 

The fuel element technology basis for a nuclear, Brayton-cycie 
space power system is provided by the following: (1) the Army Gas 
Cooled Reactor Systems Program (AGCRSP), (2) the Experimental 
Beryllium Oxide Reactor (EBOR), (3) the Gas Cooled Fast Reactor (GCFR) 
program,, and (4) the Advanced Gas Reactor (AGR) program in the United 
Kingdom. The Army program included a Gas Cooled Reactor Experiment 
(GCRE) and the ML-1, a mobile, low-power (300 kW (e)), direct-coupled, 
Brayton-cycie, nuclear plant intended f or military field use. This 
program was terminated in 1965 following the successful operation of 
both reactor systems. A program final report (Aerojet, 1966) includes 
a comprehensive program bibliography. 
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Pros 1958 tnrougn 19bt>, GA conducted a design ana development 
program on a helium-cooied lO-MW(t) £l Or. These stadias lnclodao 
succassfui irraaiation tests of tna Haatelloy X-ciad, be02 fual 
rods. A raactor facility was built at tna National Raactor Tasting 
Station in Idefto, and a core load of lual elements was faoncatad and 
dalivarad to tha raactor sits. However, tna project was terminated 
just bafora tha raactor could start up. 

From I960 through 1979 # GA and thraa national laboratories 
conductau a dasign and development program for a JOO-HM(a) GCFR 
demonstrate n plant. Tha program also included cooperative agraamants 
with Swiss and German national laboratories. A comprehensive summary 
of the GCFR program was published ( Nuclear Engineering Design , 1977)• 

The AGR program in the United Kingdom included the development, 
design, building, and opention of 600-MW(a) nuclear power stations. 
This hignly succassfui program has resulted in the coiiStruction of 10 
power reactors, of which six are in commercial power operation 
( Nuclear Energy , 1902). 

The Garrett Corporation and th* National Aeronautics and Space 
Administration (NASA) conducted an extensive development program in 
the power conversion area for dr ay ton-cycle components ana systems 
that can operate over a range of powers of interest in nuclear space 
power, or particular interest is tne successful completion at 
NASA-Lewis Research Center (NAdA-urnC) of a 3d,00C-nour system test 
using a radial turbine,; a radial compressor, an aiwarnator, and gas 
rearing* (£ngiisn, 1902)• 

The four reactor programs nave all neipeu develop hign-temperature 
reactor fuel technology for a gas-cooled, Brayton-cycle nuclear space 
power system. The Army's significant fuel development program 
conducted in-pile tests for 10,000 hours at the environmental 
conditions of a space power system. \ full core of fuel assemblies 
was operated to provide statistical performance data. Detailed heat 
transfer experiments ventied tnermal performance under gas cooling 
conditionp with Doth smooth cladding and cladding with enhanced heat 
transfer surfaces. The fission density and fuel uurnup of tne tests 
exceeded that anticipated for the desired 7-year lifetime of a nuclear 
space power system. The GCPK program greatly extended the development 
and testing of gas-cooled, metal-clad fuel. In-pile irradiation 
experience was extended to neutron energies more typical of a space 
reactor. The extensive testing program improved, characterized, and 
verified clad surface heat transfer enhancement techniques. The AGR 
program has made operational use of this hign-temperature, gas-cooled 
reactor technology. More than 1 million meters of fuel rods have been 
manufactured and operated with enhanced neat transfer surfaces. 


Reactor system 

Figure 1 shows the general arrangement of the gas-cooled, metal-clad 
reactor. The nuciear core consists of an array of hastelloy X-clau 
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TABLE 2 Reactor Characteristics, Nuclear Brayton Cycle 


Fuel roda 

Clad te^>erature (hot spot) 
Fuel temperature (not spot) 
Fuel burnup 


Hastelloy-c*ad UO2 
1230 K 
1420 K 

0.2% per 10,000 h 


UO2 fuel roda on a triangular piten. Tne fuel rods are tixed to a 
grid plate at tne coolant inlet and are guided by a plate at the 
coolant outlet. The fuel roda are spaced oy wire wraps and can use 
either suootn cladding or cladding with enhanced heat transfer 
surfaces. A BeO reflector is located *;v the core inlet. 

The core outlet end is not reflected, resulting in a more effective 
axial power profile. A reflector/controiler, located on the radius of 
tne core, consists of movable axial segments or rotating control 
drums. The reflector material is BeO, and the poison segment in the 

control drums is B4C. A tungsten shield section is also located at 
tne inlet end of tne core to provide both gamma radiation attenuation 

and elastic scattering of neutrons. The main lithium hydride smeid 
is located between the reactor and other system components. 

Table 2 lists tne principal reactor characteristics. The coolant 
gas, a nelium-xenon mixture, provides an optimum trade-off between 
heat transfer and turbomachinery design. The reactor performance is 
limited by the allowable temperature in tne dadoing, conservatively 
set at 1230 K, resulting in a minimum system weight. Tnis low 
rejection temperature results in a relatively high specific weight 
compared with that potentially available from some of the more 
developmental technologies. However, the performance of this system 
may be attractive for early space power applications. 


Brayton Cycle 

The reactor is directly coupled to a Brayton cycle, wnich consists of 
a turbine, compressor, recuperator, generator, and radiator, and which 
uses gas as a worxing fluid. Taole 3 lists the overall system 
performance parameters for a l'JU-kW(e) nuclear Brayton cycle. Figure 
2 snows a typical set of components and cycle state points for a 
system using a parallel set or turbomachinery. 

Tne working fluid leaves the reactor and flows through a 
single-stage radial turbine, then through a recuperator to a heat 
exchanger, wnich transfers waste heat to the neat pipe radiator. The 
working fluid is then compressed by a single-stage radial compressor 
and is preheated by tne recuperator prior to reentering the reactor. 


TABLE 3 System Performance, Nuclear Brayton Cycle 


Power level 
Specific weight 
Net system efficiency 
Maximum system temperature 
Minimum system temperature 
Working fluid 


100 kW(e) 

^30 ng/kW(ej 

24% 

1090 K 
430 K 

Heiium-Xcrnon (O2 trace) 


The electrical generator is mounted on a snaft between the turbine and 
compressor wheels. 

Figure 3 shows typical Brayton-cycle components. Dynamic gas 
bearings, using the working fluid as a lubricant, provide axial and 
radial support to tne combined rotating unit, similar foil-type gas 
bearings have been in service on commercial DC-10 aircraft for more 
than 50 million rours with a mean time between railure of 250,000 
hours (Garrett Corporation, 1979)• Gas injejtion provides start and 
restart. The alternator load controls turbine speed, and a radiator 
bypass controls the compressor inlet temperature. 

An attractive feature of tnis system is that the major components 
(reactor core, turoine, compressor, and recuperator) can be operated 
over a wide range of power by varying the pressure rougnly in 
proportion to tne desired operating power. However, the electric 
generator and heat rejection system must be designed for the specific 
power loads. Thus the design ana flight qualification of the initial 

nuclear power system components are directly applicable for systems at 
ocher power levels. 


Summary 

Gas-cooled, metal-clad nuclear reactor fuel technology has been 
developea and demonstrated at condition.' tnat meet, and in most cases 
exceed, the requirements for a nuclear space power system. 
Brayton-cycle turbomachinery, bearings, and heat exchanger components 
are at the same high state of development. This technology can form 
the basis for designing a prototype space power plant for ground 
operation and for fabricating a nuclear power system for flight 
qualification. An industrial infrastructure is in place and availaole 
to undertake this task quicxly. The facilities necessary for 
production and engineering testing are also available. A nuclear 
space powc ~ system could initiate flight qualification within 6 years. 

This system could be designed and fabricated for a fraction of the 
cost of a more developmental system. Early flight testing would 
provide launching, operational, and spacecraft integration 
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experience. Tnis nuclear space power system could also meet interim 
space power needs until a more advanced system is developed in pernaps 
10-15 years. 

The overall specific weight of this system is expected to be 
somewhat higher than that of a more advanced system because of the 
lower heat rejection temperature. However# the power system is still 
compatible with the operational criteria of the space transportation 
system. 


COATED# SPHERICAL FUEL PARTICLE REACTOR TECHNOLOGY 

Program Background 

In 1945-1947, worn on coated particle fuels began with tne Daniels' 

Pile at Oak Ridge National Laboratory. The proposed reactor fuel 
consisted of UO2 particles dispersed in a graphite matrix. In the 
late 1950s# Ga initiated the Hign-Teaperature Gas-Cooled Reactor 
(HTGK) program. Pyrocarbon-coated fuel particles of UC2 and 
Th-UC2 were developed to prevent nydrolysis of tne carbide fuel 
particles upon exposure to air. BoJi the initial GA and the Dragon 
(U.K.) reference fuel designs consisted of vented fuel in 
impermeable-graphite sleeves. When fabrication of low-permeability 
grapnite turned out to oe difficult and expensive# GA and Dragon 
developed coated particles to retain fission products (Goeddell# 1967; 

Simnad, 1971# 1982)• 

The Peach Bottom HTGK, a 40-MW(e) prototype reactor power plant 
project, with fuel oased on the particle technology, was initiated in 
1957 and decommissioned in 1974. The Peach Bottom fuel element 
consisted of a sleeve of low-permeability graphite# containing a 
fuel-bearing middle section, top and boctom reflector sections, and an 
internal fission product trap. Annular grooved fuel compacts, 
consisting of single-layer, pyrocarbon-coated fuel particles dispersed 
in a graphite matrix, were stacked on a cylindrical graphite spine. 

The single-iayer, pyrocarbon coatings merely protected the carbide 

fuel particles from reaction wi-h the atmosphere. A continuous flow 

of nelium purge gas removed the fission products to a trapping 

system. The first core in Peach Bottom was replaced in June 1970, 

after achieving a burnup of 30,000 MWd/t. The Core 2 fuel elements 

utilized coated particles that were designed to retain all fission 

products within the particle, and experience from 1970 to 1974 showed 

this fuel to be very successful. j 

As this fuel technology evolved, tne fuel element design for tne 1 

large HTGK reactors shifted to a hexagonal olock with channels 
containing rods of coated fuel particles interspersed with channels 
for coolant flow (Figure 4). This fuel element was based on the need j 

to produce a structurally sturdy and simple fuel element for use in { 

very large reactor cores. This design has been successfully 
implemented and is oeing used with excellent results in the 330-MW(e) 


l 
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Fort St. Vrain HTGR in Colorado. To date, 10^^ fuel pacticLes have 
been manufactured and used successfully in support of HTGRs. 

Extensive work has also been completed on nigher temperature, 
coated-particle fuels for the unique applications of HiCRs n direct 

brayton-cycle conversion ana for process heat (Gulden anc Nickel, 

1977; Gulden ana Watson, 1982)• 

Th.' use of coated fuel particles allows the core to operate at high 
temperature to very high burnups (more than 70 percent of tie fissile 
fuel) with essentially complete retention of fission products and 
excellent dimensional stability. Two types of coatings have received 
the most attention for the HTGks (1) BISO, which consists of two 

carbon coatings, i.e., a low-density porous buffer inner coating and 
an isotropic pyrocaroon outer coating, and (2) TR1SO, which consists 
of four coatings, i.e., an inner porous Duffer carbon, isotropic 
pyrocarbon, silicon carbide (SiC), and an outer isotropic pyrocarbon. 

The inner buffer layer of low-density pyrocarbon protects the outer 
layer from fission recoil damage and provides void space to 
accommodate the fission gases, fuel sv*eliing, and coating 
contraction. The SiC layer in the TR1S0 coatings decreases the 
release of certain metallic fission products that migrate readily 
tnrough pyrocarbon (e.g., barium, strontium, cesium). 

Coated-particle fuel was used in the Rover and NER^A nuclear rocket 
programs (Taub, 1975) • This fuel has a single coating of pyrolytic 
carbon, and the particles were oonded in a graphite matrix in the form 
of hexagonal rods with integral coolant holes (see Figure 5). These 
particles had a relatively trin coating designed to operate to 
relatively low burnups. The fuel particle packing traction was low, 
allowing sufficient matrix material to provide the needed structural 
strength for the fuel element wnesubjected to high-velocity coolant 
flows and core vibration. The fuel elements were cooled with hydrogen 
and achieved an outlet temperature of 2500 K with a aesign lifetime of 
several hours. Los Alamos National Laboratory (LANL) also developed 
and tested composite fuel elements containing graphite and 
approximately 35 volt (U,Zr)C carbide and fuel elements consisting 
only of (U,Zr)C carbide for the Rover program (Lyon, 1973)• 

Tne use of ZrC coatings as a barrier to fuel kernel migration and 
fission product diffusion at very hign temperatures (over 1700 K) has 
also been studied with encouraging results (Gulden ana Watson, 1982). 
Good performance for extended lifetimes appears feasiDle. 

The W-UO 2 nuclear fuel emeraents, developed in the 1960s by 
Argonne National Laboratory and NASA-LRC as backup nuclear rocket fuel 

concepts, consisted of CJO 2 particles dispersed in a tungsten matrix 
(Holden, 1967; Rom, 1968; Speidel, 1968). This fuel was fabricated in 
the form of hexagonal elements, containing hexagonal honeycomb coolant 
channels, by hot isostatic compaction of tungsten-coated spherical 
UO 2 particles. Molybdenum dummy rous were positioned in the matrix 
for coolant channels and dissolved out after hot isostatic compaction. 

This paper describes four nigh-temperature reactor concepts that 
utilize coated particles: (1) an SP-100 alternative reactor concept. 
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(2) an SP-100 advanced reactor concept, (3) a gas-cooled, 
graphite-clad reactor concept, and (4) a gas-cooled reactor concept 
using particle fuel in a fixed or rotating bed. 


SP-100 Alternative Reactor Concept 

The SP-100 nuclear space power reactor is being developed by LARL 
under the sponsorship of the Department of Energy (DOB) (Boudreau, 
1982) Buden and Stocky, 1982). The system produces 100 kW(e) and 
consists of a reactor core cooled by beat pipes that thermally radiate 
to a thermoelectric power conversion system mounted directly on the 
radiator surface. Each beat pipe forms a fuel element module in the 
core region. The beat pipe has 0.5 nm thick integral fins interspaced 

by 2.0-mm-thick UO2 fuel tiles. Tne fuel modules are assembled 
together in a cylindrical core configuration surrounded by a 
structural vessel that is vented directly to space. The core has a 
radial reflector that incorporates control drums, axial reflectors, 
and a central cavity that houses a neutron-absorbing plug (for safety 
during the launch and preorbital flight to prevent flooded 
criticality). The plug is removed for reactor operation. 

The reactor fuel operates at a maximum nominal tesperature of about 
1750 K. When a beat pipe fails, the fuel temperature will approach 
2000 K. Concerns have been expressed regarding the swelling of the 
fuel over its 7-yeac operation lifetime and the mechanical interaction 
with the finned neat pipe. Tne fuel has been designed to mitigate the 
effects of fuel atructrual interaction, and an in-pile test program 
nas been initiated to evaluate fuel performance under irradiation 
conditions. Concerns also relate to fuel migration, fission product 
mobility, and interaction between the fuel and the lithium working 
fluid of a failed heat pipe. 

Figure 6 shows the alternative fuel concept being developed at GA 
under DOE sponsorship, whicn retains the general configuration and the 
heat pipe concept of the SP-100 reactor and which anwwers these 
concerns. This concept replaces the f«*l tiles and heat pipe fins of 
the SP-100 core with coated, spherical fuel particles that may be 
bonded together in a matrix surrounding tne heat pipe. Tne overall 
dimensions of the alternative heat pipe fuel module are similar to 
those of the reference SP-100 design. 

The coated-particle fuel design is intended to (1) restrain fuel 
swelling, (2) prevent fuel migration, (3) ontain fission products, 
and (4) prevent fue1-c^olant interaction. Wnen combined into a matrix 
to form a fuel compact, the concept will (1) increase thermal 
conductivity. (2) reduce fuel temperature, and (3) provide fuel 
structural support, "’L.e t’se of coated-particle fuel allows 
flexibility in choosing materials for fuel, fuel coating, and matrix. 
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SP-iOO Advanced Reactor Concept 

I 

The heat pipe temperature of the reference SP-100 design is limited by 

the material capabilities of the fuel and the refractory metal 

structural material (molybdenum-rhenium) used for the heat pip* and 
fins. Molyouenum-rnenium is a high-density material with a relatively 
high parasitic neutron capture. The reference SP-100 reactor design 
concept cannot achieve tenperatures that can oe effectively used with 
out-of-core thermionic power conversion or thermophotovoitaic power 
conversion. (The thermophotovoltaics converter consists of a 
nigh-temperature emitter, such as tungsten, that thermally radiates to 
a photovoltaic collector. The photovoltaic material operates at a low 
temperature (about 600 K) and is backed with a reflector to return the 

photons not absorbed back to the emitter. The conservation of energy 

is the basis for the relatively high efficiency of the 
thermopnotovoltaic device.) Thermophotovoltaics is of particular 
interest, since it has the potential of high efficiency (more than 25 
percent) • 

An advanced SP-100 concept using a graphite heat pipe and 
coated-particle fuel could increase the reactor and heat pipe 
performance by at least 250 K. This would result in neat pipe 
temperatures of 1750 K, within the range of interest for 
high-temperature power conversion systems. 

The advanced design concept, similar in configuration to the 
proposed alternative SP-lJO design shown in Figure 7, is contingent on 
tne feasibility of a graphite heat pipe. While more than 30 years 1 
experience exists on tne use of graphite in nuclear reactors, heat 
pipes have not been made from carbon materials, and a number of 
fundamental development issues need to be resolved. Graphite has 

excellent high-temperature strength. For operation out of the core, 
where radiation levels are lower, a carbon-carbon composite could 

provide tne exceptional strength and stiffness needed for the heat 
pipes to sustain dynamic loading during launching. Carbon materials 
tend to be porous; however, gaseous- and liquid-phase impregnation 
t^ .niques have been developed to reduce permeability to acceptably 
low levels. Carbon huat pipes would also require a working fluid that 
is chemically compatible witn carbon and that meets the thermal and 
flow criteria for the heat pipe application. A number of promising 
candidate wonting fluid materials are available. 

The nuclear fuel concept uses coated, spherical-shaped fuel 
particles contained in a matrix material that bonds them to the heat 
pipe. The fuel would be uranium carbide coated with a thin buffer 
layer, tnen a zirconium carbide layer. The coated particles would be 
made in two sizes, with a diameter ratio of 7 to 10, and would be 
vibratory compacted into a high-density compact. A hydrocarbon binder 
fluid (e.g., pitch) with a powder graphite suspension would be 
injected into tne compact and graphitized co provide the matrix 
material. The compact could be formed integrally with the graphite 
heat pipe or subsequently bonded to the heat pipes. 
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The use of carbide fuel will increase fuel loading and thermal 
conductivity more than the use of the reference oxide fuel. Tne 
coating ana matrix material also increases the overall conductivity, 
resulting in lower fuel compact temperatures. The working fluid, 
whicn is compatible with tne heat pipe, will also be compatible with 
the fuel coating and matrix materials. 


Ga8-Cooled, Graphite-Clad Reactor Concept 

The performance of a nuclear space power system that utilizes a direct 
Brayton cycle can be significantly improved by increasing turbine 
inlet temperature. A major effort was initiated in the United States 
to develop a high-temperature, ga* -iJrbine-drive system for automotive 
applications that are in about the same power range as the space power 
application. Tne turbine is a single-stage, radial, in-flow wheel. 

The inlet temperature is limited by the turbine material and the inlet 
duct material. The use of ceramic materials for ducts and turbine 
wneel can accommodate turbine iniet temperatures up to 1500 K, 
increasing net system efficiency and reducing system specific weight 
to about 20 kg/kW(e). 

A graphite-clad, coatea-particle fuel (see Figure 8) could attain a 
1500 K outlet temperature. This fuel concept is similar to that usee 
in tne UTGR. The fuel is a spherical particle that is coated to 
restrain swelling and retain fission products. The fuel particles are 
in two sizes to provide maximum packing fraction and bonded together 
in a matrix material to form a fuel compact. The fuel compacts arc 
assembled in a high-strength grapnite clad, which provides structural 
support for tne fuel. The fuel rods are gas cooled by an inert gas 
mixture that has a molecular weight selected to optimize system 
specific weight. 

Tne fuel rods are asrembled into a cylindrical core configuration. 
They are attached at the coolant iniet end by a support plate and 
laterally supported at the outlet by a guide plate. The core is 
reflected by BeO, and cylindrical control drums are located around the 
core circumference. The reactor operates in a fast-neutron spectrum 
becaise of its small size and high neutron leakage rate. Tne high 
temperatures in the core will minimize neutron irradiation damage in 
tne graphite cladding and matrix by annealing the damage. 


Gas-Cooied Particle Bed Reactors 

A reactor can attain by far tne highest coolant temperatures by using 
coated-particie fuel that is directly gas cooled in either a fixed or 
rotating bee. The very high heat transfer coefficients result in low 
fuel surface-to-gas temperatures. Also, high surface-to-volume ratios 
of the fuel particles result in low heat fluxes. Since the particles 
are small, tne fuel temperature rises very little, resulting in a 
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coolant temperature very close to the fuel particle center temperature 
that limits the system. As a consequence, the coolant outlet 
tetqperature can exceed 2530 K. The fuel is in the form of spherical 
particles coated in a configuration similar to HTUR fuel, including an 
SiC or ZrC coating protected by an outer pyroiytic carbon coating. 

The reactor core can operate at very hign power. The reactor cores 
are constructed in the fern of fixed or rotating beds. (These are 
under development at Brookhaven National Laboratory (Powell, 19B2).) 


The basic coated fuel particle concept represents a well-established 
fuel technology that can be used in a wide variety of reactor design 
concepts. The coated particles restrain fuel swelling, contain 
fission products, prevent fuel migration, ana prevent fuel-coolant 
interaction. A fuel compact composed of coated fuel particles 
incorporatea into a matrix material increases conductivity, reduces 
fuel temperatures, and provides fuel structural support. Directly 
cooled coated fuel particles can achieve very high working fluid 
temperatures. 


IN-CORK THERMIONIC REACTOR TECHNOLOGY 
Program background 

Programs to develop in-core thermionic power systems for nuclear space 
power were initiated in the early 1960s in the United States, and 
parallel programs were carried out in Prance and Germany with 
cooperative agreements for information exchange. Altnough these 
programs achieved considerable success, they were terminated in the 
United States in 1973 (General Atomic, 1973a,b)• However, the Russian 
in-core thermionic program has continued and culminated in the 
development of the TOPAZ thermionic space reactor, whicn is in 
operational use in tne USSR space program (Kuznetzov et al., 1974)• 
International conferences were conducted on thermionic electrical 
power generation under tne joint sponsorsnip of the International 
Atomic Energy Agency (IAEA) and the European Nuclear Energy Agency 
(ENEA)• Tne proceedings of these conferences comprenensively 
summarize the state of development of both in-core and out-of-core 
thermionic technology (IAEA, 1972)• 

The u*S• program for thermionic reactor development was supported 
by the Atomic Energy Commission and the Energy Research and 
Development Administration (AEC/ERDA)• Thermionic fuel material and 
most out-of-reactor converter development and testing was supported by 
NASA and tne Department of Defense. Systems studies were supported by 
both AEC/ERDA and NASA. General Electric and GA conducted parallel 
programs to develop nuclear-fueled thermionic converters as a 


TABUS 4 Typical Tbarmionic Converter Operating Conditions 


Catnode 

Operating teaperature 
Anode 

operating teaperature 
Cesiua vapor pressure 
Catnode-to-anode gap 
Current density 
Met operating voltage 
Siectrical power density 
Met converter efficiency 
Heat flux at collector 


Heated tungsten 
2000 K 

Miooiua or aolybdenua 
1000 K 
X0-1 Mpa 
-0.2 aa 
—10 A/cm 2 
-0.5 V 
—5 M/cm 2 
104 

—45 M/cm 2 


tecnnical ccapetition until 1970, wnen GA was selected to develop tne 
in-core tneraionic reactor for spec* pow e r applications. This prograa 
included the fabrication and in-core testing of single-cell and 
aulticell tneraionic fuel eleaents, a tneraionic reactor critical 
experiaent, the design and planning for a tneraionic reactor 
experleant, ana the design or tneraionic reactors ana power eyeteas 
for space and reaote terrestrial applications! A TUIGa Mark 111 
testing reactor was ouilt for life testing of up to 15 in-core 
theraionic fuel eleaents (TFSs) siaultaneously. The fabrication and 
teeting prograas were nignxy successful, with in-core converter 
lifetiaes steadily increasing to aore than i0,000 hours of power 
operation. In January 1973, HBDA canceled tne prog aa along with all 
otner nuclear space power and propulsion prograas that did not have an 
approved alesion. 

Tneraionic Power Conversion Principle 

Tneraionic eaiosion is a well-known pbenosmnon that provides a easier 
for tne electron tube. Tneraionic eaission can also convert heat 
directly into electricity (Chang, 1963; Kettani, 1970). Figure 9 
anows the oasic components of a thermionic converter, and Table 4 
gives typical operating conditions. A heated cathode salts electrons 
that travel across a narrow gap to a relatively cool anode. The 
cathode and anode are connected through an external load iapedance 
that completes tne elect'ical circuit and establ'sne* a potential 
difference. To enhance the performance of the theraionic converter, 
tne space charge in the gap between the cathode and anode is 
suppressed by an ionized metallic vapor, usually cesium. Heat is 
transferred from the cathode to the anode by electron eaission, 
thermal radiation, and cesiua vapor conduction. The maximum potential 
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available to the load u tbe difference of tbe cathode 
function# an BoOifiad oy tbe adaoroao cesium vapor. 


and anode wort 


Thermionic Call Design 


Tnaraionic convartara can ganarata nign power uansitiaa of tna 
magnitude aa nuclaar raactor fual# ano the required catnoae 
temperatures ara conaiatant witn tna temperature capability of aavaral 
fual form*, including uranium dioxioe and uranium carnida. Tba baaic 
tnarmionic power convaraion procaaa ia not degraded oy nuciear 
radiation. Fueled cylindrical tnarmionic caila can oparata in tba 
cora of a nuclaar raactor. 

Typically# six calls ara connected in aeries aiactricaiiy ana 
aaaamoiad into a tnarmionic fual alamant (TFE) • In tbis daaign# tba 
fual ciaading matanal ia alao tna catnooa or tna tnarmionic 
convartar. Heat ganaratad in tna nuclaar fual ia conducted diractly 
to tna catnooa# and alactrical power ia ganaratao m tna apaca between 
tna catnoda ana anoda. An aiactnc insulator# with ralativaly gooa 
tnarmal conductivity# and matal anaatb separate tba anoda from tna 
coolant. 

Tma in-core tnarmionic raactor concapt naa aavaral innarant 
advantagaa ovar otnar raactor concepts: 


1. Since tba raactor tnarmal power ia appliad airactly to tba 
power convaraion componanta# anargy naad not ba tranaportad in a 
nign-temperature pumpad loop or naat pipe system tor raaaonabic power 
convaraion afnciancy. 

2. Since tba anoda temperature la slightly nigher than tba coolant 
terparature# a ralativaly small radiator can reject waste naat# giving 
tna raactor a nigb specific power. 

3. The TFEs can provide redundancy to safeguard system performance 
against individual TFE r»?lure. 

4. Tba failure of a TFE by snorting or an open circuit will not 
propagate outsiae tba TFE. 

5. Since tba system is composaa of a large number of unit calls# 
tne principal development can ba accomplished on a unit cell level. 
Subsequently# tbs unit cells can ba assembled into an operating systam 
witn tna dasirea power# thus saving considerable development coat and 
time. 


Tnese advantages are accompanied oy some inner^'t difficulties: 

1. Tbe TFE design requires relatively small interelectrode 
spacing# wmen limits catni distortion resuiting from fuel swelling. 

2. Diffusion of fuel ma^ \als into tna emitter and suoaaquant 
transfer to tbe collector can change electrode wor k functions and 
reduce electric perrormance. 


68 


TABLE 5 Th«raiomc Fuel Element Material* 


Emitter 

Tungsten 


Surface 
Collector 
Electric lead 
Outer sheatn 
Fuel material 

Range of carbof^uranium ratio 
Fuel body tneroeticai density 
Maximum emitter cavity loading 
Insulator-seal 
Sheatn insulator (trilayer) 


Inner 0.7-mm vapor uepoaited from WF$ 
Outer 0.3-mm vapor deposited from WC1 X 

Electropolisned (110) orientation 

Niobium 

Molybdenum 

Nb-18 2r 

908 UC-10% ZrC plus 4 wt% tungsten 
1.01 4 C/U 4 1.03 
778 av 

69% of theorec cal density 
Srazed Nb-Al 203 (Lucalox)-Nb 
Gas-pressure-bonded Nb-Al 203 /Nb 
cermet (plasma sprayed)-Nb 


3. Insulation and sealing materials are also subject to 
fast-neutron damage and thermal degradation. 

Past development programs have demonstrated TFE performance in 
excess of 10,000 nours. A continued development effort is necessary 
to determine the lifetime potential of in-core thermionics and the 
overall TFE reliability. 

Figure 10 shows the design of a typical 50-mm-iong, 30-mm-diameter 
thermionic cell and the alignment spring and ceramic insulator used to 
connect it to the next cell in a TFE for irradiation testing. Tne 
emitter is made of a two-layer tungsten cup containing fuel pellets of 
UO 2 or 90% UC-10% ZrC. The outer surface layer of the emitter has a 
(110)-oriented tungsten grain structure (approximately 5.0-eV base 
work function) coated on a (100)-oriented tungsten grain structure 
with high creep strength and stable grain structure. An insulating 
layer of alumina bonds a cylindrical niobium collector to an outer 
sheath of niooium-18 zirconium; the collector is aligned concentric 
with the emitter, with a 0.2-mm radial gap. An insulating ring of 
alumina joins the emitter and the collector together to seal the 
cesium vapor in the interelectrode gap without shorting the electrodes. 


Thermionic Fuel Element Design 

A typical TFE design (shot:.* in Figure 11) consists of six individual 
ceiis assembled in the sheath tube with end reflectors ot BeO and 
electrical leads. Table 5 gives the TF& fabrication materials. 
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Tne cells are connected electrically in series; the cell spacing 
anu alignment are maintained by the electrical connection at the top 
of the cell and an alignment spring ana ceramic insulator at the 
bottom of the emitter* The catnode of each cell is electron beam 
welded to tne anode of tne ceil above it* Connecting holes between 
ceils provide access for cesium vapor from a reservoir r'ltsiae the 
reactor vessel. A passage in the electrical lead conne * the 
reservoir to the TFE. Long-time operation of the TFE requires fission 
product gas to be vented from the emitter fuel cavities through 
passages in tne sheath tube insulation and then through a passage in 
the electrical leads to external fission product traps. 

After tne six cells are welded together, the assembly is plasma 
sprayed with A 1203 in the interceli regions and assembled into the 
sheatn tube. A degassing and bonding process completes tne assembly. 

The TFEs are made in two sizes: the E series, with a x.6-cm 
emitter diameter and 2.1-cm outside diameter for megawatt-class 
reactor applications, and tne F series, witn a 2.8-cm emitter diameter 
and 3.3-cm outside diameter for lower power levels, where reactor 
criticality limits require higher fuel volume fractions, fiotn size 
TFEs nave a cell length of 7.4 cm, with a fuel length in each cell of 
5.1 cm. 

In developing the thermionic ceils and TFEs, GA developed a great 
deal of material and fabrication technology. The following is a 
summary of a few of tne most significant technological developments: 

o Stacie UO 2 plus UC-ZrC fuel clad for more than 10,000 hours 
o Cneroicaily vapor-deposited (CVD) tungsten emitters with stable 
grain structure at 2000 K 

o Oriented (110) CVD tungsten emitter surface coatings for 
improved electrical performance 

o Diffusion bonds of CVD tungsten to tantalum 
o Al 203 -to-niobium insulator seal for 1200°C service 
o Gas-pressure-bonded Al 203 -Nb trilayer sheath insulator 
o Refractory metal outgassing and welding techniques for cell and 
TFE assembly 

o Diffusion bonds between niooium inner and outer sneaths. 


In-Core Testing 

Thermionic devices and fuel-clad capsules were tested in the 
thermionic test reactor (TITR) at GA. The in-core tests were intended 
to demonstrate improved lifetimes by upgraded components and to 
determine how a combination of fuel and fission product diffusion a rA 
the nuclear environment affected performance. The tests included 
device start-up, performance mapping, periodic logging of data, 
diagnostic measurements, ana neutron raaiograpns; analysis and 
interpretation of the data obtained followed. 
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Thirty-seven thermionic devices underwent in-pile life tests 
between 1962 and 1973 (see Table 6 )• In-core converter lifetimes were 
considerably improved, with the longest tests increasing from 1,000 to 
2,000 nours in 1965 to more than 12,000 hours by 1972. About three or 
tour devices were tested per year until mid-lS71, when a new core 
installed in the TITK (coincident with the start-up of tne first 
full-lengtn TFE, 6F1) allowed 10-15 simultaneous tests per year. Tnis 
increased number of tests increased tne information available to the 
development program and shortened the time to assess improvements. 

Figure 12 gives the maximum lifetimes and representative 
performance levels of the TFEs. The longest in-core TFE test was by 
TFE 2E1, a two-cell element that operated for 12,535 hours at 1900 K 
maximum. The second longest test was by TFE 2E2, wmch was still in 
operating condition when the program Closed. 

Figure 13 shows tne operating performance or TFE 2E2 over the full 
operating lifetime. Its operation included thermal cycling due to 10 
reactor shutdowns and 11 trips. Its performance was stable within ±10 
percent throughout the test. Radiographs taken about every 2,000 
hours over tne operating lifetime of the element showed no evidence of 
fuel-ciadding reactions. 

as snown in Figure 11, TFE 2E2 was just one or six TFts still in 
operating condition when the program closed in January 1973. These 
TFEs contained improvements in fuel configuration and composition that 
were expected to improve the dimensional and chemical stability of 
fueled emitters and increase TFE lifetime. In January 1973, testing 
of an electrically heated life-test cell was also terminated. This 
cell nad operated in tne laboratory for more than 5 years and 
demonstrated the long-lifetime potential or thermionic converters. 


Thermionic Core Design 

Figure 14 snows the general arrangement of a typical thermionic 
reactor core. Tne fuel elements are arranged on a triangular pitcn 
and supported between two plates. They are welded to the upper plate 
through wnicn the electrodes extend and are guided oy the grid plate 
at tne other end. Tne fuel elements incorporate an axial reflector. 

The cor 2 is surrounded oy a radial deU reflector witn integral control 
orcms. The control material is a B 4 C segment on tne control arums. 

A liquid-metal coolant enters tne reactor vessel and flows up through 
an . nnular passage around tne core. When the coolant reaches the 
plenum at the top of the core, it ficws radially inward, then bacx 
through the passages oetween the fuel elements to remove tne waste 
heat from the core. The coolant then tiows through a tungsten gamma 
shield to tne coolant outlet nozzle. 

The core is composed of one or two types of fuel assemblies, 
depending on tne system power capaoiiity. For higner power, the core 
is composed entirely of TFEs. A minimum of about 162 TFEs are 
required to achieve nuclear criticality; this provides 120 kW(e). 




TABLE 6 Sunniary of GA Thermionic In-Pile Life Tests 



-V 
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rower can be increased into tne megawatt range by increasing the core 
size ana tne number of TFEs• For power below 120 kW(e), fewer TFEs 
are required. Critical reactor configurations are attained by using 
uranium-zirconium hydride (U-Zrri) driver fuel elements 1 cm in 
diameter, similar to SNAP or TKIGa reactor fuel elements. For power 
from about 40 to 100 kW(ej, individual TFEs are each surrounded by 
U-ZrH fuel elements in a critical reactor configuration (Homeyer, 
1959). This arrangement is similar to actual test configurations of 
the thermionic test reactor usea for in-core TFE irradiations. For 
lower power, a mtiona^ driver fuel is arranged around the critical 
core, whicn contains TFes and driver elements. Figure 15 shows 
typical reactor comigurations. 


Tnermionic Reactor System Design 

Figure lb snows a typical arrangement or a tnermionic power reactor 
system for a mannea space station (General Atomics, 196b; Gietzen et 
al«, 197i). Primary liquid-metal coolant is circulated tnrough the 
reactor by electromagnetic pumps. A compact neat exchanger transfers 
heat from the primary to cne secondary coolant. The secondary loops 
distribute the neat to radiator panels, wmch are composed of many 
heat pipes to provide a nighly redundant, lightweight, ana nearly 
isothermal radiating surface. For the higner-power reactor systems 
composed entirely of TFEs, tne cooling system car. operate at about 
1000 K, resulting in a relatively small radiator. For lower power 
systems using U-ZrH driver assemblies, tne coolant temperature must be 
lower (about 800 K) to oe compatible with the temperature limits of 
the driver fuel elements. 

The radiation shields consist or lithium hyanae to attenuate 
neutrons and tungsten to attenuate gamma rays. For manned 
applications, a relatively thin primary shield at the side and top of 
the reactor limits the dose rate to 100 R/h at 50 m in any direction. 

A tmcK, multilayer, secondary shield at tne bottom of tne reactor 
protects occupants of tne space station. The primary shield 
attenuates radiation from tne reactor and protects the secondary 
coolant from activation. The secondary shield attenuates the gaiuma 

radiation from tne activated primary coolant in tne heat excnanger and 
furtnec attenuates radiation emitted from tne recctor. The size and 
configuration of the shield depend on tne dose criteria tor the 
payload ana tne specific spacecraft cor figuration. 

The radiator is located within tne shadow of the snieia to reduce 
secondary scattered radiation. Power conditioning equipment is 
located between the radiator and tne secondary snieia ana arranged to 
reject waste heat by direct radiation. To increase TFE lifetime and 
minimize fuel ciaa (emitter) distortion, tne gaseous ana volatile 
nuclear fission products are vended from tne core ana collected in 
external fission product traps. Tnit> maintains internal pressure in 
tne fueled co.uponents at about 0.1 MPa. The control arum unve units 
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are also mounted outside of the reactor, either as shown in Figure 16 
or behind tne primary shield. 


Summary 

By tne conclusion of tne in-core thermionic reactor program in 1973# 
the development tests on the thermionic fuel element design had 
confirmed the basic feasibility of an in-core thermionic reactor. The 
program demonstrated TFE lifetimes of greater than 11,000 nours, and 
design improvements were proposed to further extend the operating 
lifetime. An electrically he; 4 life-test cell operated for more 
than 5 years. Overall, system designs had oeen prepared for missions 
from 10 kW(e) to 1 MW(e). 

The in-core thermionic reactor concept has several unique features 
that make it an attractive candidate space power system; 

1. Since the thermionic conversion process is directly coupled to 
the nuclear fuel, energy need not oe transported in a hign-tenqperature 
heat pipe system or pumped loop to acnieve reasonable power conversion 
efficiency. 

2. Since tne neat rejection system can operate at a relatively 
nign temperature, resulting in a small, lightweight, highly efficient 
radiator, t c reactor system can achieve a nigh specific power. 

3. eactor can operate over a wide range of power utilizing 
the same TFE module. 

4. Tne module fuel element also can easily perform multiple 
irradiation tests in a standard TRIGA researcn reactor. 

Aitnougn tms program was terminated almost 10 years ago, key 
members of tne original development program staff still work 
cogetner. Fabrication and testing facilities can be quickly 
replicated, and the in-core tnermionic program can be reinitiated with 
minimum delay. Tne in-core thermionic reactor concept has already 
achieved significant developmenta ] succ • and shows sufficient 
potential to be a strong candidate nut\»■ space power system. 


CONCLUSION 

Tnree nign-temperature reactor technologies nave oeen described hare 
that can provide a basis for one or more nuclear space powei systems. 
Figure 17 lists these systems and qualitatively compares tneir 
relative merits against those of the SP-100 reference design concept 
for (1) development status, (2) specific power, (3) potential 
lifetime, and (4) power potential. It rates each nuclear space power 
system as high, medium, or low in each category. Of course, each 
rating varies widely, is very subjective, and is intended only to 
provide an initial relative perspective of the systems. 
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The development status of tnese systems extends from one extreme# 
where the performance and lifetime feasibility have not been 
demonstrated, to tne other extreme, where the systems have fully 
developed tecnnology ready for final design and prototype production. 
In the midrange are development programs to establish levels of 
component reliability. 

Figure 17 lists the reactor power systems in the approximate order 
of increasing system temperature. It uhows expected trends in 
specific power (kW(e)/xg), potential lifetime (hours of operation), 
and potential maximum system power. Specific power should generally 
increase with temperature; potential lifetime should decrease with 
increasing temperature; and power potential should also increase with 
system temperature (except in the case of a reactor cooled with heat 
pipes, where the power density is lower and the required number of 
heat pipes cannot be substantially increased)• 

All candidate nuclear space pover systems shoulu undergo a much 
more quantitative evaluation to cover a broader range of significant 
system performance parameters. 
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FIGURE 7 Advanced SP-100 reactor using all-carbon system 
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FIGURE 10 Thermionic cell 
















STANOARD TEMPERATURE 1900°K 
STANDARO CURRENT DENSITY 6 A/cm 
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FIGURE 13 TFE 2E2 relative performance history. 
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FIGURE 14 Thermionic reactor. 
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FIGURE 16 Thermionic reactor power system. 



DEVELOPMENT SPECIFIC POTENTIAL POWER 

STATUS POWER LIFETIME POTENTIAL 


94 



3UniVU3dlN31 IN31SAS 9NISV3U3NI 


FIGURE 17 Qualitative comparison of concepts relative to SP-100 reference design. 





















PARTICLE BED REACTORS AND RELATED CONCEPTS 


J. R. Powell and T* E. Botts 
Brooknaven National Laboratory 
Upton, New York 11973 


ABSTRACT 

Compact high-performance reactor designs based on HTGR particulate 
fuel are analyzed* The large surface area available with the 
small-diameter-particulate (aoout 500 /im) fuel allows very high power 
densities (megawatts per liter), small temperature differences between 
fuel and coolant (aoout 10 K), high coolant outlet temperature 
(1500*3000 K, depending on design) f and fast reactor start up (about 
2*3 8)• Two reactor concepts are developed—the Fixed-Bed Reactor 
(FBR), where the fuel particles are packed into a thin annular bed 
between two porous cylindrical frits, and the Rotating*Bed Reactor 
(RBR), where the fuel particles are held inside a cold rotating 
(typically about 500 rpm) porous cylindrical frit. In both designs, 
coolant flows througn the fuel bed in the radially inward direction. 
The FBR can operate for long periods (months to years) in the 
cl08ed*cycle He-cooled mode or in the open-cycle H^-cooleci mode. In 
the latter mode, integrated operational time is a few hours at most, 
owing to H2 storage limitations. The FBK can quickly switch between 
modes, if desired. The RBR will operate only in the open-cycle 

H2*cooled mode. Maximum power capability for tne FBR is about 300 
MW(t) in the closed-cycle mode and aoout 1000 Mri(t) in the open-cycle 
mode; maximum power for the RBR is about 5000 MW(t) • The FBR would be 
used with a turbine in either the closed-cycle or the open-cycle mode; 
the RBR could be uced for direct tnrust or could produce electricity 
with a magnetohydrooynamic (MHD) generator or a turbogenerator. 
Experiments on particle beds relating to the FBR and RBR are 
described. Development requirements are assessed. These appear 
modest for the FBR out are more substantial for the RBR. 


INTRODUCTION 

The increasing activity in space will require major advances in power 
and propulsion. This paper describes reactor systems being 
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investigated at Brooknaven National Laboratory (BNL) based on the 
smali-diameror-p^rticuiate fuel developed for high-temperature 
gas-coole-. reactors iHTGRs) • These reactors have high-performance 
potential and appear suitaole for relatively quicu development* 

Figure 1 illustrates the spectrum of potential power systems for 
space nuclear power* At the low end of the power spectrum (hundreds 
of kilowatts to a few megawatts), electrical generation will typically 
be for long periods (months to years)• This dictates a closed 
thermodynamic cycle, witn radiative heat rejection to space* These 
reactors would oe used for station keeping, communications, radar, etc* 

At tne other end of the power spectrum, reactors with power outputs 
of tens to hundreds of megawatts are desired* These would generate 
electric power tor pulsed-energy devices or act as direct thrust 
nuclear rockets for orbit raising* Sucn reactors probably will 
operate in the open-cycle mode with high-temperature coolant. 

They will nave a relatively short integrated operating life (minutes 
to hours)* Heat rejection would oe provided oy dumping waste coolant 
into space* For very short lifetime generation, open-cycle chemical 
systems (ri^/U^ with turoines or MHL) generators) could be 
considered. However, H^-cooied reactors can generate much more 
electrical energy per kilogram of coolant consumed than chemical 
systems* Nuclear systems are tnus preferred for operating times 
longer than a few minutes* 

Reactors could also operate at intermediate powers, generating 
electric power for electric thrusters or advanced puised-energy 
svstems. Tne long operating time in these applications will require 
closed-cycle power generation. At the power levels shown, a 
lightweight radiator will oe necessary. 

An attractive lightweight liquid-droplet radiator (LOR) nas been 
proposed by Mattick and Hertzberg (i960)• in thi6 concept, reject 
heat would radiate from a sheet of small-diameter liquid drops (e.g., 
100-^rn lithium drops)• Tne sheet would be sprayed from a set of 
nozzles toward a collector* Tne collected liquid would be reheated 
and recycled to tne spray generator. The LDR should be a very light 
structure compared with conventional fin-tube or heat pipe radiators* 

If developed, heat rejection at powers of tens of megawatts would 
prove practical. 

Assuming a nign-performanee LDR, closed-cycle systems could deliver 
electric powers comparable to those of open-cycle systems. Powers up 
to about 10 MW(e) could be used in electric thrusters* For advanced 
energy applications, cw (continuous wave, i.e., steady state) powers 
of tens of megawatts (electric) are desired* 

Multimodal operation is more desirable than single-mode operation* 
having one reactor carry out different missions eliminates tne weight 
of extra reactors. Figure 2 shows two examples of multimode 
operation* In the oimodal system, the reactor operates most of the 
time in a closed-cycle (cw) mode at relatively low power (Mode 1)• 

Wnen necessary, it rapidly snifts to a high-power, open-cycle mode 
(Mode 2)• Such a reactor could continuously generate hundreds of 


Kilowatts for station keeping, communications, radar, etc. Upon 
demand, it could supply tens vo nundreds of megawatts for short 
periods (minutes to hour*”) for pulsed-power applications. 

In the trimodal system, the reactor would operate in three modes: 

(1) a short-term, nigh-power, direct thrust mode for orbit raising, 

(2) a long-term, closed-cycle, low-power mode for station keeping, 
etc., and (3) a snort-term, hign-power, pulsed electric generation 
mode. 

The advantages of multimode operation are somewnat offset by 
increased system complexity. For any particular mission, the 
trade-offs oetween lower weignt and increased complexity will 
determine whether separate or multimode operation is more desiraMe. 

The time and costs to develop any space reactor will be 
substantial. Thus there is a strong incentive to develop space 
reactors that will cover as wide a range of applications as possible. 

The compact reactor concepts based on HTGR particulate fuel being 
developed at BNL should meet a wide range of applications. They range 
from tne low-power (hundreds of kilowatts) to the high-power (hundreds 
of megawatts) era of tne spectrum, in either open-cycle or 
closed-cycle mode. The hign-power-density and high-temperature 
capabilities of particulate fuel result in nigh-performance systems. 


PARTICULATE-FUELED REACTOR CONCEPTS 

Tne BNL compact reactor concepts are based on smaL1-diameter- 
particulate (about SOOMin) fuel that has been developed and used in 
high-temperature, gas-cooled reactors in tne United States and abroad 
(e.g., the U.S. HTGR, tne German HTGR). The reasons for this cnoice 
are tne following: 

1. The fuel is available 

o commercially fabricated in HTGRs 
o well characterised. 

2. Coolant outlet temperature is very nigh 
o 300U K for open-cycle H 2 

o LbOO K for closed-cycle He. 

3. Reactor power performance is excellent 

o up to approximately 10-MW/i power density in fuel 
o approximately lO-K temperature difference between fuel and 
coolant 

o potential reactor outputs up to tnousanus 01 megawatts. 

4. Materials behavior is excellent 
o no tnermal shock to fuel 

o full power in seconds 
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c retention of 99.99 percent of fission products 
o burnaps of more chan SO percent possible. 

Figure 1 snows the BISO and TRISO fuel particles developed by 
General Atomics for the HTGR (Gulden and Nickel, 1977)• The BISO 
particles have a coating of pyrographite over a kernel of fissile or 
fertile material and are suitable when the internal pressure of 
gaseous fission products is small. (The inner porous low-density 
layer holds gaseous fission products.) BISO ThO^ particles are used 
in the HTGR for in situ breeding of fissile 2J3y # 

TKJSO particles have a multilayered structure and achieve high 
burnups at high internal pressures of gaseous fission products. They 
have a fissile kernel of 235yo^ or 235yQ^ (or mixed oxyca**- 
bides), with ? porous low-density pyrocarbon layer to ; 'Id gaseous 
fission products. The SiC layer provides mechanical containment of 
the internal pressure. Burnups of more than 50 percent of the fissile 
inventory are possible, as well as excellent fission product retention 
(99.99 percent). 

Commercially available HTGR fuel is suitaole for the closed-cycle 
applications considered in this study. Open-cycle operation Jill 
require some modification of tne fuel to prevent attack by 
coolant. (The fue.j. particles would be coated with ZrC, for example.) 

The small diameter of tne fuel particulate results in very large 
internal heat transfer area per unit voiume of fuel. A packed bed of 
500-/lm particles, for example, nas an internal surface area or 100 
cm2/cm^ of bed. This large heat transfer area allows very high 
r ower densities ana small ^T's between coolant and fuel. The small 
diameter of the fuel particles minimizes thermal stress and thermal 
shock. In conventional reactors, tne rate of change of temperature of 
tne rauen larger fuel elements must oe slow in order to revent fuel 
damage. Time to full power in these reactors is thus long (minutes to 
horrs, depending on design). In contrast, the BNL compact reactors 
should have rise times of a tew seconds. 

Two types of particulate fuel reactors are being investigated at 
BNL. In the first, the Fixed-Beu Reactor (FBR), the fuel is held 
between two porous *frits," as shown in Figure 4. The "frit" can be 
made of metal or ceramic and has substantial strength. The pressure 
drop across tne fr±ts is comparable to the drop across the fuel beu. 
Frits are fabricated by siri+ A ring wires or particles into cylindrical 
or piatelike structures. 

Gaseous coolant (i.e., He or H 2 ) enters the inlet frit, passes 
through tne bed, and exists from the outlet frit. The packed bed is 
typically sever \1 centimeters in thickness. The tue 1 particles in tne 
FbK are heics in place and do not move. 

In the second type or particulate fuel reactor, tne Potating-Bed 
Reactor (RbR), the fuel particles are held by centrifugal force inside 
a rotating cylindrical metal int (Figure 4). Cold gas enters tne 
frit ana is heated as it passes through the fuel particle oed. The 





not yas tnen enters the internal cylindri'. *1 cavity and exhausts 
tnrougn a nozzle (not shown) at tne end of the cavity. 

Tne rotating Dad can operate in any of three modest (1) fully 
settiea (all particles held against tne rotating frit ), (2) fully 
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fluidised (aJ /. particles suspended by gas flow), and (3) partly 
fluidised (Pigure 4). In the partly fluidized mode, gas velocity in 
the cool outer part or tne bed is insufficient for fluidisation. At 
s> ne point insiae the bed, the temperature and velocity of the coolant 
become hign enough to .[Juidize the inner portion of the bed. 

In all tnree modes, the fuel particles are fuliy contained. The 
fluidized portion acts like a dense fluid, with gas passing between 
tiie suspended particles. Particles cannot escape from tne bed unless 
it is allowed to expand to tne point wnere adjacent particles do not 
interact, bed operating parameters can oe chosen to prevent such 
"flooding." 

For any given set of conditions (flow rate, reactor size, etc.), 
frit rotation speed controls the fluidization regime. As rotation 
decreases, the bed first changes from the fully settled to tne partly 
fluidized mode and then to the fully fluidized mode. These operating 
mooes have been demonstrated in experiments described lacer. 

Because the RBR has no nigh-temperature frit and a lower pressure 
drop than the FBR (for the partly and the fully fluidized modes), its 
outlet temperature and power can be considerably greater tnan those of 
the FBR. 


FBR and RBR power densities can be very high. Figure 5 shows tne 
pressure drop in FbR and RBR beds as a function of average bed power 
density (in MW/1) for typical operating conditions (pressure, 100 atm; 
diameter, 500 fim; bed thickness, 4 cm). 

The curves snow tnree ditferenc coolant/temperature regimes. 
Closed-cycle, long-duration FBRs would use He coolant at relatively 
low outlet temperatures (1300-1500 K) because of long-term turbine 
temperature limitations. Open-cycle FBRs would use to minimize 
tne coolant mass dumped into space. The short operating time (minutes 
to hours) will allow higher outlet temperatures with snorter life 
turbines. Outlet temperature will depend on materials used in the 
inner frit as well as turbine capabilities. Depending on design, 
outlet temperatures in the range from 1500 to 2500 K appear 
practical. Open-cycle KBRs can operate to nigner outlet temperatures 
(up to about 3000 K) because tney are not restricted by a 
high-temperature frit. Tney could provide direct thrust propulsion or 
could generate electric power with MHD generators or high-temperature 
turbines. 

As is shown in Figure 5, power densities of 10 MW/i and higner 
could be achieved with the FBR and RBR. The large heat transfer area 
in the bea makes local temperature differences between the fuel and 
gas coolant very small. Figure 6 shows average filroA? between fuel 
particles and the gas coolant as a function of power density, for the 
conditions shown in Figure 5. 
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Film is only a few degrees Kelvin# even at very high power 
densities. The At inside tne fuel particles (center to the surface; 
is even less# about 1 K. Thermal stress in tne particles is very lew# 
less than 1 MPa. The thermal diffusion time is small# approximately 5 
ms for 500-/£n particles. This is much shorter than the ramp time for 
power or coolant flow changes. Thermal shock or fatigue damage to the 
particles appears unlikely. 

Particle beds can ramp from zero to full power in a few seconds. 

Experiments have demonstrated that electrically heated beds can reach 
full power in a couple of p conds. Tne beds can be recycled 
repeatedly with no damage to the particles. In contrast# reactors 
with rod or plate fuel elements cannot rapidly ramp to full power 
because of thermal shock problems. (NERVA took over 1 min, for 
example.) 

Two possible FBR fuel bed coniigurations are shown in Figure 7. 

Figure 7a shows the particles packed between two annular cylindrical 
frits. Coolant flows radially through the annular bed from an 
adjacent inlet plenum to an outlet plenum. In Figure 7b, the 
particles are packed into small annular fuel elements between two 
frits. These elements are spai in a moderator matrix and held by a 
grid piate. In each element, coolant flows radially through the 
packed bed that is between adjacent pic uat. 

The first type of FBR is simpler and is preferred for most 
applications. The second type can operate at higher power densities 
and use a hydrogenous moderator# such as ZrH^. (The first type will 
not go critical with a hydrogenous moderator.) It could be used when 
very small size is desired. 

The first type of FBR (Figure 8 ) can generate up to auout 1,000 
MW(t) with coolant and about 300 MW(t) witn He coolant. Reactor 
size scales with power level. Minimum fuel bed diameter is about 30 
cm, from considerations of criticality and burnup. For maximum power# 
fuel bed diameter is approximately 80 cm. (Larger diameters are 
possible, but a more compact configuration would probady be used if 
higher powers were desired.) Thickness of the annular fuel bed varies ' 

with diameter and ranges from about 3 to about 8 cm. 

The moderator/reflector zones in the FBR (Figure 8 ) slow down 
fission neutrons, reflecting them oack ioto the fuel, where they are 
absorbed. FBR neutron*cs are discussed in more detail later. 

Beryllium inoderator/reflectors result in the lowest critical masses. 

The reflector should be at least 25-30 cm thick. Thicker reflectors 
are marginally better, while thinner reflectors leak too many 
neutrons. Graphite is a good internal moderator/reflector and is 
compatible with tne high-temperature coolant. 

The FBR is controlled oy movable drums or rods in the external 
moderator/reflector. The control drums (Figure 8 ) have a neutron 
aosoiber (e.g.# B 4 C) on one side and .4 moderator on the other. 

Rotation of tne drum moves the poison relative to the fuel. Movement 
toward tne fuel decreases K e f t -; movement away increases it. 
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The nigh importance of neutrons in the external moderator/reflector 
makes poison control very effective. Also, externally moderated 
reactors nave very long neutron lifetimes. This maxes the FBR 
neutronically "sluggish,* so that even very large reactivity 
insertions would cause only a relatively slow rate of power rise. 

Both factors make the FBR easier to control than conventional power 
reactors. 

Depending on design, the critical mass of the FBR will be between 

10-40 kg of fully enriched uranium (93.5 percent ^35y) # with 
additional fuel for burnup, tne FBR could operate in the range of 
about 50-100 rfW(t). Critical masses for RBRs are about twice those of 
FBRs oecause RBRs do not nave an internal moderator. Peak/average 
power ratios are also higher for RBRs. 

The RBR (Figure 9) would operate only in tne open-cycle H 2 -cooled 
mode, with a maximum integrated operating life of a few hours. U 2 
mass requirements preclude longer operation. Exit coolant temperature 
would be limited by fuel lifetime, not structure. Tests of ZrC-UC 
fuel particles in indicate that tney could operate for several 
hours at 3000 K. 

Equilibrium MHD generators need very high temperatures. Practical 

generators operating on H 2 require 3000 K for good performance. 

Direct thrust for orbit raising also needs very high temperatures. 

(The specific impulse of H 2 is about 1,000 s at 3000 K.) Lower 
temperatures significantly degrade specific impulse. 

Turbines give good performance witnout having to operate at 3000 K. 
Although increasing temperature improves performance, the gain 
probably does not warrant developing extra high temperature turbines. 
Hydrogen-cooled turbines operated successfully in the early 1960s at 
turbine inlet temperatures of about 2500 K. Operating RBRs with 
turbines at these temperatures yield very attractive efficiencies. 

Fuel particle lifetime would also oe much longer at 2500 K. 

Operating regimes for FBRs and RBRs are shown in Figure 10. The 
boundaries can shift, depending on design. For example, FBRs could 
deliver higher outlet temperatures with a ZrC ceramic frit. Also, 
maximum power for the FBR can be increased by design changes. 


THE FBR (FIXED-BED P^TOR) 

. 

Scoping studies of FBR neutronics have beer carried out with the 
one-dimensional ANISN transport code. A li group structure was used 
(7 thermal groups), with collapsed cross sections derived from the 
ENDF-B-V file, and a scattering Kernel. 

Parameter k e ff was calculated as a function of 23f>u loading for 
infinite cylinders. Critical masses for finite-cylinder FBRs (L/D * 1) 
were approximated by assuming that they had the same fissile loading 
as k e £f * 1.1 infinite cylinders (for sections equal in length to 
the finite cylinder). End effects for FBRs are expected to be small. 
The fuel bed diameter is much greater than the bed thickness, and the 
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inner and outer moderator/reflectors fit closely* End reflectors will 
affect only the last few centimeters of the fuel bed. The 10 percent 
allowance inAK for end effects thus seems quite conservative. 

Over 100 FBR cases were examined, evaluating the effects of 
variaoie (1) uranium loading, (2) reflector thickness, (3) fuel bed 
diameter, (4) frit composition and thickness, (5) control drum 
composition and design, and (6) reflector temperature. 

Figure 11 shows k e ff as a function of uranium loading and 
thickness of the outer oeryllium reflector. (The inner reflector and 
frit are graphite, the outer frit is zirconium, and the fuel bed 
diameter is 50 cm.) Neutron leakage from the outer reflector strongly 
affects criticality. Optimum beryllium reflector tnickness is about 
20-30 cm; mucn thicker reflectors only marginally reduce critical 
mass, while mucn thinner reflectors lose too many neutrons, resulting 
in excessively high critical masses. 

Four moaerator/reflector materials have been investigated—Be, 

ZrH 2 , ZrD^, and C. Beryllium is the best, yielding the lowest 
critical masses and smallest reactors. Zirconium-nydride-moderated 
FBRs could not go critical (che highest k e ff was slightly less than 
1.0), because the external moderator/reflector absorbed too many 
neutrons. Externally moderated reactors require a small 7/L 2 (age 
divided by thermal diffusion length)• hyd.ogenous moderators have a 
large 7/ L 2 (approximately 5), and many thermal neutrons never 
return to tne fuel. If the fuel particles are dispersed throughout 
the moderator, nydrogenous moderators are practical. Finally, 
zirconium deuteride and caroon are practical but result in higher 
critical masses. Also, carbon-moderated reactors are larger than 
beryllium-moderated reactors. A carbon moderator/reflector must be 
approximately twice as thick as the equivalent beryllium 
moderator/reflector• 

The effect of fuel bed diameter is shown in Figure 12. Uranium 
loading for a given k e ff decreases slightly with increasing 
diameter. This results from a more favorable geometry as diameter 
increases, if thickness of the outer moderator/reflector is told 
constant, tne fraction of neutrons tnat return to the fuel bed 
increases with fuel bed diameter. However, critical mass eventually 
increases with diameter, since this geometric effect will not be as 
important as the increasing fuel bed area. 

The FBR fri;.s cannot absorb too many of the returning neutrons. 
Zirconium makes an attractive outer (cool) frit but cannot operate in 
high-temerature H 2 * High-temperature Hastelloy or Inconel frits are 
practical if thickness does not exeed approximately 1 cm. Neutron 
absorption becomes excessive for thicker frits. Ceramic (zrC) or 
graphite high-temperature frits are also acceptable. 

Radial peak to average power ratios are about 2/1 for the FBR, with 
minimum power density near the center of the fuel bed. This variable 
power density can be readily handled. The large heat transfer area in 
the bed makes At between the particles and the coolant very small, 
even in the peak power region. 
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In summary, the FBR has reasonable critical masses, of the order of 
10-40 kg 235 u, and it does nov appear to have any serious neutronic 
problem. The external moderator must nave a low absorption cross 
section and be thick enough to prevent excessive neutron leakage. Tne 
frits must not strongly absorb neutrons that diffuse Deck into the 
fuel. 

Thermal-hydraulics performance of the FBR can be accurately 
predicted using correlations for pressure drop and heat transfer 
coefficient in packed beds. For pressure drop in packed beds, tne 
correlation of brgun (Hckert ana Drake, 1972) is used. 

Pressure drop across the frits is taken to be 40 percent of the 
total pressure drop across cne oed and frits. This nelps keep gas 
flow uniform even if local bed voidage varies. Frit thickness and 
porosity can be adjusted to compensate for axial power variations. 

Analysis of axial power variations has not been carried out, since 
analyses have been one-dimensional. However, such variations should 
be important only near th* ends of tne fuel bed. Differences between 
the maximum and mixed-mean coolant outlet temperatures are expected to 
be small. 

temperature and pressure drop distributions in FBR packed beds with 
radially nonunifonu power densities are determined by a computer 
code, beds witn nonuniform power density nave essentially the same 
r,;es&jre drop as beds vith uniform power density, when normalized to 
equal average powers. 

The tharmal-hydraulic oehavior of the FBRs has been examined for a 
large number of cases as a function of (1) fuel bed diameter and 
tnickness, (.) inlet and outlet temperature, (3) power level, (4) fuel 
particle diameter, and (5) inlet pressure. 

Table l compares thermal nyaraulic parameters for three 
representative point designs. Case 3 has the same fuel bed diameter 
as Case 2 (75 cm) but a higher power (250 MW versus 100 MW) and lower 
pressure d/.op (25 psi versus 36 psi) • The higher power and lower 
pressure crop in Case 3 are acnieved witn split flow. Tne fuel bed is 
radially split into two parts, with the inlet plenum between the outer 
and inner naives. Coolant flows radially through eacn naif to 
adjacent outlet plenums. Coolant flows in from both ends of the 
reactor; ana out from both enas. The shorter flow path and reduced 
mass flow through eacn naif greatly increase power output for the 
split flow design. Coolant ducting is more complex, however. 

Maximum power for He-cooled FbRs is about 300 MW(t). a single 
reactor cou*a generate up to about 100 MM(e) in a closed-cycle cw 
power system. At tnis power, reactor mass is much less than that of 
tne rest of the system, so that multiple reactors could oe used if 
higher power outputs are desired. However, it probably will be 
decades oefore cw powers above 100 MM(e) are needed in orbit. 

Maximum power is rnucn higner for open-cycle FBRs because of the 
higher specific neat, lower density, and nigher across the core 
for H^ coolant. Hydrogen-cooled FBRs will deliver aoout 5 times as 
much thermal power as He-coolea FBRs. Conversion efficiencies 
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Table i Fixed-Bed Reactor Point Deaigna 



Case 1 

Case 2 

Case 3 

(Split-Flow) 

TherMi power (Ml) 

15 

100 

250 

Inlet temperature (°C) 

200 

200 

200 

Outlet temperature (<>C) 

1000 

1000 

1000 

Inlet gas pressure (atm) 

100 

100 

140 

Fuel oed diameter (cm) 

30 

75 

75 

Fuel t.d thickness (cm) 

3 

6 

6 

Fuel particle diameter {fl m) 
Pressure drop 

400 

500 

500 

(frits and bed) (psi) 
Tenperature difference 

21.5 

35.9 

24.7 

(fuel surface-gas (<>C)) 

10 

7 

16 

Fuel surface heat flux (M/cm2) 

20 e 1 

13.1 

34.4 


(thermal to electric) for high-temperature open-cycle FBRa will be 
greater tnan for closed-cycle FBRs, in the range of 40-50 percent for 
turbine power systems. The capability for nigh efficiency anti high 
power will allow open-cycle FBRs to generate hundreds of megawatts 
(electric). Tnis should meet any power requirement for a long time to 
come. 

Scaling of FBRs nas oeen examined from two perspectives: 

1. Bow does sise (and mass) of optimum FBRs scale with power level? 

2. What is the size (and mass) of the smallest number of FBR 
designs that can comfortably span tne expected power range of 
applications? 

The first perspective assumes that time and resources are 
sufficient to develop and optimise reactors for each particular 
mission power. The more realistic second perspective recognises that 
even if the same reactor technology is used, a great deal of 
engineering and testing is required to develop an operational system 
at a given power. Since the reactor is a small part of toe system 
mass, it appears practical to use two or three nonoptimal reactors to 
cover the power range, without a major penalty in system weight. Any 
small penalty due to extra reactor weight would be offset by the large 
savings in development. 

Assuming tne first perspective. Figure 13 snows fuel bed diameter 
for "optimised* Be-cooled fbks as a function of power. The optimum 
case is taken to oe an FBR with the following characteristics: Be 
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pressure, 100 atm; fuel particle diameter, 500 fimt fuel beu thickness, 
6 cm;A t across the core, B00°C (200°-1000°C); and pressure drop 
(bed plus frits), 3 atm. 

While tnese conditions are probably not truly optimum, they are 
reasonably representative. The effects of changing operating 
parameters from th* optimum (canonical) case are also shown. 

Figure 14 shows the comparable plot for open-cycle ^-cooled FBRs 
with the same design cnaracteristics. Behavior is similar to the 
He-cooled reactors, except that power output is approximately 5 times 
greater for a given fuel ocd diameter. 

Figure 15 showc how the reactor mass scales with FBR power for the 
design conditions shown in Figures 13 and 14. The outer moderator is 
more tnan one-half of the total reactor mass. 

Assuming tne second perspective, the entire power range can be 
handled by two FBk sizes: (1) a 50-cm-diameter fuel bed for low 
powers and (2) an 00-cm-diameter fuel bed for hign powers. 

Figure 16 shows pressure drop as a function of power for ooth He 
and H 2 coolants. Tne ooundary between low ana high power appears to 
be about 50-i00 MW(t) for He-cooled reactors and about 200-400 MW(t) 
for H 2 ~coolea reactors The reactor will oe somewnat larger than 
optimum at tne low end of its power range and somewhat smaller than 
optimum at tne nign end. 

There appear to oe no major penalties to using two FBK designs to 
cover the expected power range. Bach design has reasonable operating 
parameters (pressure level, pressure drop, and At (fuel particle to 
gas))• The FBK appears simple to construct and operate (Figure 8). 

The main components are fuel particles, inner and outer frits, inner 
moderator, outer moderator, coolant plenums, control drum, coolant 
ducts, and pressure vessel. 

FBR fuel particles would be fabricated as HTGR fuel particles are 
now. if they operate in nigh-temperature H 2 , they would be coated 
witn ZrC to minimize attack. Particles would fill the annular space 
between tne inner and outer rrits, forming a complete fuel assemoiy. 

Tne assembly could be vibrated during filling to ensure uniform 
packing. 

Tne outer frit would be metal. In the closeo-cycle mode, 
temperature is about 500-60U K; i.i the open-cycle H 2 -coolea mode, 
only aoout 200 K. a zirconium frit is desirable for neutronics. It 
does not react with He but can react with h 2 at elevated 
temperatures. However, tne above temperature is low enough that no 
reaction snoula occur. The outer frit would be wouna from wire and 
sintered to form a rigid cylinder. The large frits tested in RBR 
experiments were strong and distortion free, and nau low pressure orop. 

The inner frit operates at tne coolant outlet temperature. For 
FBRs operating only witn He coolant, refractory metal frits can be 
used, since turbine materials limit the outlet temperature to about 
1500 K. For open-cycle FBRs, the inner frit will be exposed to hot 
H 2 , and refractory metal frits are probably not suitable. However, 
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Hastelloy or Inconel can operate in nigh-teaperature up to aoout 
1400 K. 

For d '2 outlet temperatures above about 1400 K, the inner frit 
will probably oe nonaetallic porous ceramic. Single ceraaic frits 
would oe difficult to fabricate and could be cracked by theraal and/or 
aechanical stress. A aore promising approach is to build up a frit 
fron segmented overlapping piates, wnxen would be individually 
supported by the inner moderator. The outlet coolant would flow 
radially through tne frit and then through axial channels to the exit 
duct at the end of tne reactor. 

The graphite inner moderator would run hot and have no structural 

stress. For U 2 ~ co °J- eci FBKs, tne grapnite would oe coated with ZrC 
or NbC. Some cooling of the inner moderator would be necessary to 
reaove energy deposited by neutron and gaaaa heating. 

An inner moderator constructed froa plates appears aore reliable 
and less subject to theraal stress than p monolithic cylinder. The 
plates would be wedge shaped and assembled into an annulus with a 
central channel for the hot exit coolant. Coolant passages would be 
provided by grooving one face of each plate. The plates would be 
coated with ZrC or NbC for protection against H 2 . 

Tne outer moderator will probably be Be, though zr02 and grapnite 
could be used. A plate assembly appears desirable, with surface 
grooving for coolant channels. About 10-20 percent of the inlet flow 
will be required to cool the outer moderator, depending on design. 
Coolant flow would split at the reactor inlet, with the outer 
moderator portion distributed by a plenum between the moderator and 

pressure vessel. Most of tne flow would enter the main coolant plenua 
next to the fuel bed. bocal flow rate through the bed would be 
controlled by varying tne thickness and/or porosity of the inner and 
outer frits in order to offset power gradients. Coolant froa the 
oucer moderator mixes with the main flow before entering the fuel bed. 
Hotatable control drums are preferable to axial control rods, since 
tney will not cause axial power peaking. Azimuthal power asyaaetries 
should be small. The control drums *ould be cooled by flow circuits 
in parallel with the rest of tne reflector. 

The inlet and outlet coolant ducts through tne end reflector and 
snield would De curved for minimus neutron streaming, streaming is 
important for manned systems, oecause it increases neutron dose rate 
outside tne reactor. For unmanned systems, streaming effects are not 
expected to be very important. Sensitive components (i.e., 
electronics) would be located benino a snadow shield, at the opposite 
end from the coolant ducts. Curving the coolant ducts appears 
practical out has not been investigated in detail. 

The pressure vessel would be made of high-strength titanium or 
steel. Pressure vessel tnickness will depend on the operating 
pressure and reactor size; typically, it will be in the range of 1-2 
cm for an operating stress of approximately 50,000 psi. 
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THB RBR (ROTAT ING-B&b RRACfOR) 

Neutronic analyses for tna RBR were carriad out witn tha same 
techniques uaad Cor tha FBR. End affacta ara axpactad to ba graatar 
for the RBR tnan Cor tna FBR# since the former nas an exit nozzle and 
no inner adderstor/reflector. Critical loading Cor finite-length RBRa 
is taken to ba tha same as tna infinita cylindar at k e *f - 1.2# 
computed with tha one-diaensional AMISN modal. 

Almost 100 RBR casas wara analysed, investigating the effects of 
(1) reflector composition and thickness# (2) fuel bad thickness# (3) 
degree of fluidisation# (4) reactor size# (5) H 2 pressure# (6) frit 
composition and thickness# and il) moderator temperature. 

Rifts have larger critical masses than FBRs# because there is no 

internal moderator/reflector. Figure 17 compares k eit for 
Ba-moderated RBR and FBR reactors for different uranium loadings. At 
a given k e fg# uranium loading is a factor of 2*3 higher for RBKs. 
Reflector thickness strongly affects critical loading in the RBR. 
Beryllium thickness less tnan about 20 cm makes neutron leakage 
excessivei thickness substantially more tnan about 30 cm saves 

relatively few neutrons and reduces critical mass by a small amount. 

The effect of fuel oed thickness on RBR criticality is small 
(Figure 18). Changing bed thickness from 5 to 11 cm changes k et f by 
about 3 percent. This insensitivity to thickness is a result of the 
"blackness” of the reactor core. Almost ail thermaiized neutrons tnat 
diffuse back from the reflector are absorbed in the fuel bed# and few 
survive to enter the cavity. The high peak-to-average power ratios 
for the RBR (about 3/1) are caused by the blackness of the fuel bed. 

Tne fuel bed blackness also means tnat beu expansion nas virtually 

no effect on K e ff. Figure 19 shows no change in k e ff in the range 
from fully settled (solid fraction of about 0.b5) to fully expanded 
(solid fraction of about 0.3). Having RBR criticality independent of 
bed fluidization eliminates concerns about bed movements initiating 
power excursions. 

Figure 20 shows tnat * e ff is insensitive to reactor size over the 
range studied. This behavior is also seen in the FBR. Figure 21 
shows how k^ff depends on H 2 pressure. Nominal pressure (P Q ) is 
70 atm. Reactivity crops slightly (by about 1 percent) as P/P Q 
decreases from 2.0 to 0.5. The small magnitude and favorable sign of 
the effect mak* U 2 depressurization not a safety concern. 

Neutron absorption in the frit significantly affects RBR 
criticality. Figure 22 illustrates now k e£ j changes with equivalent 
thickness of a zirconium frit for an RBR of fixed oize and loading. 

The Zr frit is assumed constant in actual thickness (1 cm), but its 
density factor varies from p» 0 to P * 8 ( P * 1 is nominal solid 
density)# and k e ff decreases by about 0.25 over this range. 

Strongly absorbing frits# such as stainless steel or titanium, will 
seriously degrade k e ff. Tney are only practical for thicknesses of 
approximately 1 cm or less. 
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The felt absorbs neutrons returning from the outside 
aoderator/reflector. It absorption is too great, the reactor cannot 
90 critical. Because the frit absorbs neutrons before they reach tne 
uranium fuel, its effect is much greater than if it were mixed with 
the fuel. 

Part of tne outer moderator could be rotated as a frit to contain 
the fuel. This is a promising approach, particularly witn beryllium, 
since it is strong ana lignt. Structural stress on the rotating 
structure would be smeller, ana frit absorption would be eliminated. 
Future studies should examine this option. 

RBR thermal-hydraulics have been investigatea experimentally and 
analytically, experimental wort is discussed later. Previous 
analyses of rotating fluidised beds did not allow for temperature rise 
through tne oed ana, instead, assumed a uniform temperature. 

Selfconsistent numerical models have been developed that incorporate 
volume heating of the bed and radially variable power densities. 

Figure 23 illustrates now bed voidage varies witn radial position 
and rotation speed for a 1,000-MM RBR of constant site (l> ■ R 
■ 0.5 m). Fuel loading is equivalent to a settled-bed thickness of 5 
cm. The bed is fully settled above i,025 rpm. As speed drops below 
this value, the inner edge of the bed begins to fluidize. The 
fiuiaixed region be c omes thicker as speed decreases further. The 
outer part of the bed remains settled until approximately 350 rpm is 
reached. At this point, the outer edge begins to fluidize. As speed 
decreases further, tne fluidized bed expands. Tne fluidized bed 
becomes twice as tnick as tne original settled bea at i75 rpm. 

Voidage (i.e., coolant volume) at the inner boundary is then 80 
percent. Average voidage is less, i.e., 67 percent, wnile voidage at 
the frit is 45 percent. 

These analyses do not allow tor the effects of oed mixing on 
te^>erature ana voidage distrioutions. Rapid bed mixing would make 
the temperature and voidage more uniform. Experimental evidence 
suggests suen benavior. (*as temperature increases rapidly across the 
outer settled layer of particles anu tnen becomes essentially uniform 
in the fluidized region. However, tne experiments have not operated 
at conditions coaqmrable to the KBit's, ana the importance of this 
mixing process in tne RDM is not certain. 

The RHH parameter space is muen wider than that of the FBit, since 
it has more operating variables. It is tnus more difficult to define 
optimum designs. Tne major variables affecting performance are ( 1 ) 
degree of bed expansion, (2) settled-bed thickness, (3) bea diameter, 
(4) base pressure of coolant, (5j particle uiameter, and ( 6 ) inlet and 
outlet te^>erature. 

Figure 24 shows RBR rotation speed versus power level and degree of 

bed expansion (U ux /ho). The p> essure drop curves (dashed lines) 
snow Ap (atm) across tne oed. Bed diameter is 50 cm, and thickness is 

4 cm. At a given power, pressure arop is reduced by increasing red 
expansion. However, expansion limits are set by particle carry-over 
at the inner boundary of the fluidizeu bed. A limit of dmax/do ■ 1 
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is aiftUMd. Carry-over can start if expansion is mucn greater than 
tnis limit. 

Figure 25 shows reactor power as a function or radius for 

**nax/Ho ■ It ana Uq/H - 0.1. (Hq is settied-bed thickness). 

The solid curves are lines of constant P and range from 1 to 10 atm. 
Tne dashea curves are lines of constant rotational speed (rpm). Tne 
RBR can deliver up to about 5*000 ##i(t) over the sise range considered 
at reasonaole Ap's (5-10 ate), notation speeds are also reasonable 
and range up to a maximum of about 1*000 rpm. 

Table 2 snows tnree RBK designs of different size and power 
rating. Values of 'fuel' isssa in Table 2 and tne figures refer to 
total particle mass (!jC + XrCj * not uranium mass. The weignt fraction 
of uranium is the mars of uranium divided by total luel mass. In 
small KBKs, this can range up to aoout 50 percent; for larger RBKs it 
will oe 10 percent or less. 

Tne RBK and FBK have comparable mass for the same fuel bed diameter 
and range from aoout 1 to about 3 tonnes (t)* depending on size? The 
dependence of RBK mass on power will oe similar to that of the FBk* 
except that power rating will be about tenfold greater. 

Tne mecnanical design of the KBR has oeen examined. Tne KBK frit 
would be supported by a shaft at the end opposite the exit nozzle. 

Tne shaft would be radially centered and positioned by a gas bearing* 
with a separate gas bearing to counter end thrust. Clearances would 
be of the order of 1 mil. Tne assemoly would oe driven by tne inlet 
coolant acting on a set of small blades on the snaft. 

End reflectors would oe incorporated in tre rotating rnt 
assembly. Tney would oe cooled by a small flow of gas passing from 
tne inlet plenum through the ent‘ reflectors into the cavity. A 
labyrinth seal between the rotating assembly and the nozzle end of tne 
reactor would limit gas leaxage from the coolant plenum. 

The shaft of tne rotating RBR assemoly would contain a channel to 
admit fuel particles. After tne reactor is in orbit* tne assembly 
would oe spun up to operational speed. Particles would be blown into 
the cavity and caught by the walls of tne rotating frit. 

The KBK can unload fuel as well as load it in a few seconds. This 
wou^a have important sarety and operating advantages. The same 
channel would be used for both unloading and loading* with a movable 
plug to dIock the exit nozzle wnen unloading. Experiments with KBR 
simulations snould oe carried out to confirm this capability. 

In summary* tne KBR is neutronically similar to tne FBK* except 
that its uranium loading is a factor of aoout 2 greater at equivalent 
k e ff. This is a result of not naving an internal reflector. The 
mobile fuel bed should not cause any safety problems. Thermal- 
hydraulics of tne RBR are much more complex than those of tne FBK. 
Power outputs for the KBR are much higner than those for the FBK for 
the same reactor size and pressure drop. Power levels of several 
gigawatts can be achieved with kBKs about 1 m in diameter. KaKs are 
more complex mechanically than FBKs owing to the need for hearings and 
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TABLE 2 Rotating-Bed Reactor Point Designs 


Casa 1 Caaa 2 Caaa J 


Thermal power (GW) 

Radius (cm) 

Langtn (cm) 

Pual particle diameter {f/tm) 
Hydrogen riow (Kg/a) 

Inlet temperature 
Outlet temperature 
Cavity pressure (bar) 

Fuel oed thicxness (cm) 

Fuel mss (kg) 

Pressure drop (bar) 

Bed expansion (average) (t) 
Fuel surface heat flLx (kW/m^) 


0.25 

1 

5 

15 

25 

40 

IS 

50 

80 

500 

500 

500 

5.7 

22. 8 

114 

300 

300 

300 

3000 

3000 

3000 

100 

100 

100 

3 

2.5 

4 

42.2 

206 

800 

3 

5 

15 

100 

50 

100 

4,200 

3,440 

4,430 


labyrinth seals. However, the RBR appears to be constructable without 
undue difficulty. 


POWER SYSTEM PERFORMANCE 

The characteristics ana performance of space electric systems using 
FBRs and KHKs have been investigated. For the KBK, open-cycle, 
turbines, anu MHO cycles were considered; for the FBR, both closed- 
cycle and open-cycle turbine cycles were examined. 

The size, weight, and layout of the various components making up a 
complete power system were estimated as a function of power, operating 
tism (tor open cycle), coolant temperature (botn inlet and outlet), 
generator efficiency, etc. These cosiponents were then integrated into 
self-consistent designs. 

Figure 26 depicts a 100-MW(e) closed-cycle system using a He-cooleu 
FBK (left front of the drawing). Behind tne FBR are the in-line 
turbine, compressor, and superconducting generator. The vessels above 
and Delow the power generation equipment are helium to lithium heat 
exchangers. Reject neat from tne helium coolant is transferred to 
liquid litmus and tnen radiated to space using tne liquid-droplet 
radiator (LDR, proposed oy nertzberg. Tne droplet spray nozzles and 
collectors are not snown but are mounted on tne Astromast structure 
that holds tne neat exchangers. 

RBR-powered MHD generators were investigated, initially, MHO was 
viewed as tne most promising route for high-power, open-cycle 
operation. This assessment now appears to be wrong. Outlet 
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temperatures ot at least 2750 K are r.eeded to operate a MHO 
^nerator. At this temperature# nowever# although MHO generators are 
teasiDie, performance is poor. Higher temperatures, e.g.# 3000 K# 
result in more practical generators# but efficiency is still only 
aoout 20 percent (H^ coolant entnaipy converted to electricity). 

This low efficiency mazes H 2 siass throughput very nigh and greatly 
increases H^ storage requirements. 

Hign-teqperature turbines are much more attractive than MKD 
generators. Turbines with H 2 *cooieo blading were operated 
successfully by General Electric (G£) in tne early 1960s at turbine 
iniet gas temperatures of about 2500 K. Metal blade temperature were 
only about 700 K. for these cycles# turbines can extract 45-50 
percent of tne H^ entnaipy. Thus although turbines would operate at 
lower reactor outlet temperatures# turbines can generate twice as much 
electrical energy per Kilogram of n 2 coolant as can MU generators. 

Advanced turbines using nigh-te^>erature ceramic c carbon-carbon 
blading are also a potential option for nign-power# nign-etticiency# 
open-cycle systems. The relatively snort operating life required for 
these systems will permit tne use of blade materials not practical for 
commercial turbines. Extensive work has been done on both types ot 
blades# most recently on carbon-carDon blades. 

Lightweight turbines and generators are being developed for 
airborne applications. A preliminary version ot a 20-MW(e) 
superconducting generator has been tested by GE and the Air Force 
Aero-Propuision Laboratory (APL) • Tnis device weignts omy about 1 t. 
Single units can be scaled to nigner powers# probably about 50 MM(e)• 
Multiple generators could be used ror powers above 50 MM(e)• Small 
generators# i.e.# up to a few megawatts (electric) in output# would 
use Sm-Co permanent magnets tor field excitation, a 5-Mh(e) permanent 
magnet generator is under construction for APu. Scaling relations for 
turbines# compressors# and generators for tins study were based on 
worK by APL# RocKetdyne# ana Garrett. 

Closed-cycle urayton-cycle designs using he-cooiea FBRs were 
developed tor a range ot cw powers from 100 kM(e) to 100 ttrJ(e). Both 
regenerative and nonregenerative cycles were investigated. Table 3 
lists co^onent sizes and weights for four power system sizes: 5# 20# 
50# and xOO MM(e) • (Tne snield weignt is a full *7T shield for manned 
space systems. Unmsnned systems would use a much lighter shadow 
snield.) At hign power levels# neat exenangers (reject H ana tne 
recuperator) dominate. Radiator weignts are not included. 

Figure 27 shows the mair component weights (excluding snield) for 
He-cooied closed-cycle FBKs as a function of output power. Lithium 
liquid-droplet radiators (LbR) would be used for neat rejection. LDKs 
are projected to be about an order of magnitude lighter man 
conventional fin-tuoe or neat pipe radiators. Evur. wxtn Li)Rs# 
nowever# tne radiator ia still tne heaviest part of the system. 

With LbRs# it appears feasible to construct cw power systeau to 
deliver several tens of megawatts (electric). If conventional 
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Table j Regenerative Bray ton Cycle 



Output 

Power MW(e) 




5 

20 

50 

100 

K«actor w.ightl(c) 

0.70 

1.87 

3.57 

7.20 

Turbin. w«ight(t) 

0.16 

0. .47 

1.04 

2.08 

Turbine diameter (m) 

0.4 

0.6 

0 • 8 

2 x 0.6 

Compressor weight (t) 

0.32 

0.94 

2.06 

4. lu 

Alternator weignt (t) 

0.23 

0.91 

2.27 

4.55 

Recuperator weight (t) 

0.3 

1.2 

3.0 

6.0 

Recuperator volume(m^) 

0.5 

2.0 

5.0 

10.0 

Reject UX weight (t) 

0.44 

1.76 

4.40 

8.80 

Shielding weignt 

(1 rem/h contact) (t) 

20.0 

25.0 

25.0 

25.0 

Total weight (no shield 
or radiator) (t) 

2.14 

7.15 

16.36 

32.79 


±Xcav - 1500 h; T re - 200 K. 


radiators nave to be used, weignt limitations will restrict cw power 

levels to a few megawatts (electric). 

Figure 26 illustrates the trade-ofts between closed- and open-cycle 
power systems using FBR reactors. The break-even point is tne 
integrated operating time for whicn open- and closed-cycle systems 
have equal mass K including the stored H 2 and tankage in open-cycle 
systems)• The oreak-even point appears to be about 6,000 s and is 
relatively independent of system power output. For times less 
than 6,000 s, open-cycle systems are lighter; for times greater than 
6-000 s, closed-cycle systems are lighter. 

High-power applications being considered probably would not require 
operating times exceeding about 6,000 s. Open-cycle systems are thus 
likely to be preferred over closed-cycle systems for hign powers. 
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At the low end of the power spectrum (hundreds of Kilowatts 
(electric) to about 20 Mto(e)), total weight is low enough that 
practical cw systems can be carried in a single shuttle load. 

In summary, turbogenerator power systems appear to be the most 
promising approacn for Doth FbRs and RB Rs. MHD generators require 
very nign operating temperatures, and conversion efficiency is 
considerably lower than is the case for a turbine system. The FBR can 
be used in both closea-cyle (he-cooled) ana open-cycle (H^-cooiea) 
systems. Open-cycle generation up to several hundred megawatts 
(electric) appears possible with tne FBR, using H 2 -cooled turbines 
and superconducting generators. High powers, up to about 2 GW(e), 
appear possible with the KBR. Closed-cycle FBRs will require 
liquid-droplet radiators (LDRs) for heat rejection if power levels of 
more than 1-2 MW(e) are desired. Continuous power outputs up to about 
100 MW(e) appear feasible with the FBR. The break-even point between 
closed- and open-cycle systems is an integrated operating time of 
approximately 3,000-6,000 s. For longer operating times, closed 
systems will oe lighter; for shorter operating times, open-cycle 
systems will be lighter. 


ENVIRONMENT AND SAFETY 

The RBR and FBR can meet the safety design requirements formulated for 
tne SP-100 project. These are as follows: 

1. A launcn accident or abort cannot cause criticality. 

2. The reactor must remain suDcr. ^. h 1 if immersed in water or 
other fluids. 

3. A negative temperature coefficient of reactivity must be 
achieved. 

4. The reactor will not operate until a stable orbit is achieved. 

5. The reactor must have reboost capability if operated in low 
orbit (with less than a 300-year decay time). 

6. Tnere must be two independent safety shutdown systems not 
subject to common mode failure. 

7. There must De an independent snutdown heat removal system or 
independent heat removal paths. 

8. Tne unirradiated fuel snoula pose no environmental hazard 
(l.e., 235y should be used). 

The FBR would De loaded prior to launcn and designed to withstand 
launch accidents and aborts. External nydrogenous moderators cannot 
make the FBR critical, so that immersion in water or propellants wilx 
not cause criticality accidents. At the projected uranium loadings, 
an external hydrogenous moderator will have a maximum k e j:£ of about 
0.9. 

Tne RBR would be loaded after achieving a stable orbit. Fuel woulo 
be blown into tne cavity after frit rotation was established. 
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The FBR and RBR snould be easier to control than commercial power 
reactors. Tne external neutron moderation results in long neutron 
lifetimes and makes reactivity sensitive to poisons in the reflector. 
Both effects aid control. 

Figure 29 shows the rate of power rise for a RBR subjected to a 
step increase in reactivity. An insertion of 20 dollars above prompt 
critical is assumed. Even for this very large insertion, power e- 
folding time is relatively long (30 ms) and within the control 
capability of the reactor. Power e-folding time for light water 
reactors (LWRs) would be almost 2 orders of magnitude faster for a 
comparable reactivity insertion. FBR benavior should be similar to 
that of the RBR. FbRs and RBRs are expected to be safer than 
conventional reactors in terms of criticality control. 

Temperature coefficient of reactivity was examined for one FBR 
design, in this design, the coefficient was slightly positive, with 
an increase in k e ff of about 0.25 percent per 100 K rise in 


reflector temperature. The positive coefficient can be easily 
managed, since the corresponding power e-folding time is long 
(seconds) and a compensating reactivity adjustment can be easily 
made. Negative temperature coefficients are more important if neutron 
lifetime is snort, which is the case for fast reactors or LWRs. It 
appears likely that tne FBR design can be adjusted to achieve negative 
temperature coefficients. One possibility is to incorporate some 
non-(l/V) poison in the reflector, wnicn would compensate for the 
effect of temperature on reflector absorption cross section. 

RBRs and FBRs would not operate until the spacecraft is in a staole 
orbit. If they operated in low orbit (with less than a 300-year 
life), they would ce boosted into a nigh orbit at the end of life so 
tnat fission products would decay in space. 

RBRs and FbRs would nave two independent safety shutdown systems 
not subject to common mode failure. The FBR would have two sets of 
safety rods in the outer and inner reflector, either of which could 
shut down tne reactor. The RBR would have a set of safety rods in the 
outer reflector, plus the capability for injection of neutron poison 
into the cavity (e.g, B 4 C particles). 

FBRs and RBRs would have independent shutdown heat removal 
systems. For the RBR, this probably would be a separate pressurized 


gas circuit. would flow through the core to remove 
afterheat, with flow rate controlled by valves. The integrated amount 
of coolant required to remove afterneat is only a few percent of the 
main coolant inventory, since the afterheat energy is a few percent of 
total fission energy. Multiple H 2 storage tanks ano valves could be 
used for reliability. 

Afterheat in a RBR will quickly decay to very low leveis. For 
example, after operation for 100 s at 100 MW(t), the afterheat power 
drops j aoout 100 W a day after shutdown. Long-lived residual 
radioactivity in RBRs will also oe very low. For an integrated power 
equivalent to a 1,000-8 burn at 500 MW(t) (a representative mission 
lifetime) , approximately 10 Ci (curies) each of ^ u Sr and -^^Cs are 
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produced. Long-lived radioactive inventories are almost a miilionfold 
smaller tnan in commercial power reactors. 

Tnis low inventory, plus the very large dilution in space if it is 
dispersed, makes accident consequences very small for RBRs or pure 
open-cycie FBKs. Principal concern would relate to loss of function, 
not environmental or safety hazards. 

FbKs operating in tne cw mode will nave larger inventories of 
fission products and greater afterneat cooling requirements. A 
l-MW(e) FBR tnat operates tor several years will nave a radioactive 
inventory aoout one-tnousandth that of a commercial LWR. Potential 
accident consequences are much less than those for commercial plants, 
because of botn the lower inventory and the greater isolation of the 
reactor. The cw FBR will have a separate shutdown cooling system, 
with independent (and redundant) gas circulators, heat exchangers, and 
radiators. Since the shutdown heat level is only a few percent of the 
main power load, the additional components do not seriously increase 
system weignt. Leaking pipes and components can be snut off wmle 
still maintaining aftercooling. However, coolant leaks from the 
reactor vessel will result in loss of coolant and eventual failure or 
tne core. Unfortunately, tnere is no "sump supply" in space. 

The FBR and RBR will ooth use 235^ tuel, wnich pc^es no 
environmental hazard. The reactors would be designed to burn up and 
disperse tneir ruel during reentry. Tne particulate nature or the 
fuel makes fuel unloading a potential option for the RBR and FBR. 
Designs ror unloading RBR fuel have been investigated, and it appears 
feasible to also unload FBR fuel. This woula have important safety 
benefits, since the fuel could oe unloaded into a passively radiating, 
shielded cask if a loss of coolant situation developed. Unload times 
of a few seconds appear practical. This would prevent fuel melting 
and consequent dispersion of fission products. 

The ability to unload fuel is also of great benefit for (1) 
personnel access, (2) maintaining reactivity after extended burnup, 
and (3) waste disposal. Unloading fuel would greatly reduce the 
radiation dose from the reactor and could permit direct personnel 
access (probably witn some limited shielding). If long ournup had 
degraded fuel reactivity to the point where criticality could not be 
maintained, the spent fuel in the FBR could be unloaded and replaced 
witn fresh fuel. Tne spent fuel could be unloaded into a small, 
snielded, passively cooled casK and boosted into an eartn escape or 
high orbit for disposal. 


RBK/FBR experiments 

Scoping experiments on simulated RBR and FBR particle beds nave 
demonstrated capabilities comparable to tnose expected for operational 
reactors. However, these preliminary experiments nave not fully 
explored all conditions appropriate to FBRs and RbRs. 


4 


116 

Electrically heated FUR particle oeds have operated at power 
densities of about 1 xW/cm3. Direct resistance nesting and 
induction heating have both been used, with helium cooling. The beds 
have been composed of SOO^Ab BISO particles (used in the HTUR) as well 
as 1,000-Jim stainless steel spheres. 

The experimental power density, approximately 1 kW/cm3, is 
comparable to tne design power in full-scale cw FBRs. Results are 
very impressive, considering tnat the average He coolant pressure in 
the bed was only aoout 1.5 atm. Higher coolant pressures should allow 
much higher power densitites. experiments will be carried out at 
higher pressures (about 15 atm) in the near future. The measured 
pressure drops matched predicted values. 

Helium outlet temperatures of approximately 1200°C were acmevea 
with BISO-type particle oeas. This matches desired FBR outlet 
i rature in the closed-cycle mode. Stainless steel frits showed no 
reaction at 120l)°c during tne experiments (over about 5 hours)• 
Zirconium frits did react with fuel particles at this wemperature, 
however. Particle beds have been rapidly ramped up to full power 
(typically in 2-3 s) without damage to tne particles. Bed power has 

also been rapidly cycled without observaole damage to the particles. 

All experiments have so far beer on He-cooled particle beds. 
Experiments are planned on H^-cooled oeds. 

Turning to the RBR-reiated experiments, an extensive series of 
hydraulic tests was carried out at Brookhaven in the early 1970s. in 
these experiments, the hydraulic behavior of rotating fluidized beds 
was studied under KBK-like co,editions, using coolant and glass or 
copper particle beas as stand-ins for the UC-ZrC fuel bed. The beds 
were not heated. 

Tne simulated RBR beds were 25 cm in diameter and operated at 10 
atm. Beds operated without problems in ail three modes—settled, 
partly fluidized, and fully fluidized. Figure 30 shows a high-speed 
photograph of part of a rotating, fully fluidized bed. The bed has 
expanded by about 30 percent in volume from the initially settled 
state. The view in Figure 30 is along the axis of the rotating bed 
and shows tne inner boundary to oe smooth and curved like a liquid 
meniscus. Particles do not leave the surface of tne bed. 

High-speed movies were also taken of the rotating oeus. in one set 
of experiments, a layer of colored Deads was placed on the inner 
surface of a rotating settled bed, which was then allowed to 
fluidize. The colored beads gradually mixed with the rest of the 
oed. Particle motions were gentle, and no ^arge-scale mixing was 
observeo. 

When the bed was taken into the highly expanded state, large-scale 
bubbling could be observed. Individual particles would break free 
from tne bea surface. Their trajectories would bring them bacx to the 
oed, but impact velocities were higher than in the gently fluidized 
state. This raises the possibility or attrition. This bubbling state 
always could be brought back to laminarllke fluidisation by increasing 
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rotation speed at fixed gas flow or by decreasing gas flow at fixed 
rotation speed. 

Figure 31 compares the experimental fluidization curves with 
predicted values as a function of gas flow and bed loading. 
Fluidization occurs wnen tne pressure drop becomes constant with flow 
rate. At this point, Ap simply equals the effective weight of the 
suspended particles in the applied g field. Increasing gas flow rate 

only expands the bed and does not cnangeAP* The solid line 
represents the predicted pressure drop througn packed beds as a 
function of gas flow rate. 

The hydraulic oenavior of the simulated KbR beds appeared to 
correlate with analytical modes and confirmed that stable operation 
could oe achieved. Although neated ueos could not oe examined with 
the apparatus, experiments with rotating combustion fluidized beds 
have been carried out by other researchers. These studies indicate 
that stable operation is practical in volume-heated beds. They also 
indicate that there is considerable radial mixing that tends to make 
oed temperature profiles uniform except near the inlet frit. In this 
region, a sudden temperature jump is observed. Tnis type of benavior 
is encountered in tne RBR. It is not expected to affect performance 
adversely and, in fact, may aid stability. 


FBR/RBR DEVELOPMENT REQUIREMENTS 

The FBK does not appear to involve resolution of any go/no-go issues. 
Tne materials and components have been extensively investigated in 
connection with other reactor systems. However, some development of 
particular components will be required, depending on design, and 
confirmatory testing will be necessary. 

Present TRISO fuel particles are suitable for He-coolea systems up 

to about 1500 K. Testing of ZrC-coated particles should ue carried 

out tor ri 2 "Cooled or nigher temperature, He-coolea systems. 

ZrC-coated fuel has been manufactured and appears to have very 
attractive properties, but confirmatory testing tor FBR application 
will oe required. 

Testing of hign-temperature frits at FBR conditions will also oe 
required. Refractory metals (e.g., Zr) appear satisfactory for 
He-cooleo PBKs at temperatures up to approximately 1400 K. Hasteiloy 
or Inconel also appear satisfactory at this temperature level and 
could be used witn ti 2 coolant. However, long-term confirmatory 
testing should be carried out to demonstrate adequate performance, 
particularly in terms of creep, and compatibility with coolant, fuel, 
and tne inner moderator. 

For temperatures above about 1400 K, ceramic frits appear 
necessary, and these will require some development. Graphite is a 
good possibility for He-coolea FBns; a refractory carbide (e.g., ZrC) 

could be used cor H 2 -cooied systems. A promising construction 
approach uses segmented overlapping int plates mounted on the 
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graphite inner Moderator plates. Such an assembly of segmented frit 
plates snould suostantiaily reduce vulnerability to thermal and 
mechanical stress. 

A nonnuclear demonstration of tne FB2 has been proposed. In this 
program, termed spiubr (Space Power Integrated Demonstration Reactor), 
a simulated FBR would oe tested at operating conditions, sise, and 
weight representative of the final reactor system. An overall view of 
SPIDLK is shown in Figure 32. The particle fuel bed would be 
resistance heated by a 440-V, 10-MW power supply. The bed would be 
cooled with He; coolant pressure would De in the range of 500*750 psi, 
and outlet temperature about 1000°C. Hydrogen coolant would also be 
used to simulate open-cycie operation. 

Major parameters for SPIDER are summarised in Table 4. The 
experiment could operate up to about 40 MW in the He-cooled mode, and 
about 200 MW in tne H 2 ~cooied mooe, if heated nuclearly. Electrical 
resistance neating inputs of this magnitude are not practical. 

However, it appears feasible to neat a portion of the beu witn the 
available electrical supply to power densities that would correspond 
to the full-scale output. This would verify tnermal-hydraulic 
performance over the full operating range. 

The first passe of the program would be to test bPIb&R as a 
simulated reactor heat source. After successful completion of the 
first phase, whxcn would take 2 years, tne simulated reactor would oe 
integrated with a power conversion (turbine/compressor) and heat 
rejection system. Power generation output would be about J MW(e). 

This second phase would test the capability of the complete FBR power 
system to generate power at tne predicted operation conditions, with 
actual components and weights. The second pnase would take an 
additional 2 years. 

Besides serving as a demonstration, SPIDER would provide valuable 
information that would be used in the design of a ground-based FBR 
prototype. Tests with SPIDER should confirm toe ability to 

1. achieve predicted power and powe*: densities 

2. verify tnermai-hydraulic performance for coolant and fuel bed 

3. operate ir closed- and open-cycle mode 

4. quickly switch from closed to open cycle 

5. ramp to full power in a few seconds 

6. deliver many pulse power cycles 

7. achieve high component and system reliability 

8. operate safely in off-normal ana shutaovn conditions (e.g., 
loss of main coolant system). 

In addition, special studies investigating the ability to remotely and 

rapidly load and unload tne FBR fuel bed would be carried out. 

The KBM will require substantially more RAD than the FBR. 
Fundamental studies on f luiriised-bed mixing processes need to be 
carried out wnen volume heating in the bed is present. Time-varying 
tempsrature and voidage distributions in the bed need to be 
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Table 4 FBR SPIDER Physical Characteristics 


Fuel bed 

Outsiue diameter (cm) 40 

Ueignt (cm) 40 

Tnickness (cm) 3 

Bed volume (1) 14 

Particulate weight (66% JF) (Kg) 90 

Power density curing operation 

bNL (full core) (w/cm^) 215 

BNL (1/3 core) (W/cm^) 645 

APL (full core)(W/cm^) 715 

Power generation equivalent (MW(t) 

BNL tests 3 

APL tests 10 

Nuclear operation capability (1,500 psia) 50 

Tnennal nydraulics 

Inlet He pressure (psia) 750 

bed pressure drop (BNL)(psia) 0.3 

Bed pressure drop (APL)(psia) l.b 

Inlet He temperature (°C) 30 

Outlet He temperature (°C) 1000 

Dimensions 

Outsiae diameter/neight of outer (Be or ZrH 2 ) moderator (cm) 84/40 

Outside diameter of inner radial moderator (grapnite) (cm) 30 

Weight of outer radial moderator (if Be) (kg) 275 

Weight of inner radial moderator (kg) 30 

Weight of end moderators (graphite) (kg) 350 


established, as well as the effect ot volume heating on oed expansion 
limits. 

Fuel particle lifetimes in H^ need to be uetermined more 
precisely at tne expected temperature and pressure conditions. The 
eftects of thermal cycling and mechanical attrition in the fluidized 
bed on particle lifetime should also be examined. Fuel liretime 
studies can oe carried out using small rotating or 1-g linear beds 
fluidized with high-pressure, high-temperature H 2 . beo heating 
could oe provided by neating eitner tne H 2 or the particles. 
Furthermore, fission product loss rates from tne fuel at the expected 
reactor conditions need to be determined. Designing fuel particles to 
minimize loss rate should also be investigated. 

The full-scale cold flow KBK experiments should be extended to 
examine fuel loading and unloading. In addition, transient start-up 
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and shutdown processes should oe investigated, witn particular regard 
to how rapidly uniform fluidisation can oe established. 

Beat transfer experiments in a full-scale simulated RBR snould also 
be carried out, using cyclic variations in inlet coolant temperature. 
The phase lag in outlet cociant teaperature provides inforaation on 
particle-to-gas neat transfer coefficients at representative RBk 
conditions, which can serve to confira predictions. 


SUMMARY AMO CONCLUSIONS 

Coapact nig«i-perfcrmance nuclear reactors can be based on direct 
cooling of HIMR-like nuclear fuel particies. The very large surface 
area of the particles allows very high-powrx densities, nigh coolant 
outlet teaperatures, saali teaperature differences between fuel and 
coolant, and very fast start-up and shutdown of tne reactor. 

Two reactor concepts based on HTUR particles nave been investigated 
in detail. In the first, the Fixed-meo Reactor (FBR), the particles 
are packed oetween two porous frits, foraing a relatively thin annular 
fuel oeo through which cooiant flows radially. Neutrons are moderated 
in external reflectors outside and inside the annular fuel oed. The 
FBR can operate for years in the cw Brayton-cycle aode with inert gas 
cooiant (e.g., ±:<) and a turoogenerator/coapressor power systea. Tne 
FBR can also operate in tne open-cycie aode with coolant, 
generating very high power outputs for pulsed-energy devices. Tne 
same reactor can operate Diaodally, switching oacx and forth oetween 
open- and closed-cycle modes wnen desired. 

Tne Fsk can deliver, froa a practical device of <**x>ut l a x 1 a in 
diaaeter and height, power outputs up to about 30U MN(t) in the 
He-cooled aode and aoout i, OUU MM (t) in tne H^-cooied mode. 

Operating time in tne closed-cycle aode can be very long (months to 
years) , depending on power, but is limited to a few hours at most in 

the open-cycle aode, because of H 2 storage requirements. 

The FBR can satisfy almost all or tne potential applications with 
its generation capaD.nty. Two oasic size reactors can cover tne cw 
power range froa approximately 100 kN(e) to approximately 100 MM(e) 
without serious weight penalty. Open-cycle H^-cooleu generation 
levels will be approximately 5 times the cw revel. Cooiant outlet 
teaperature capability is nign, aoout 1500 X in the cw mode and about 
2000 K in tne open-cycle mode. Power generation efficiency will be 
hign under these conditions, about 30 percent for closed-cycle 
operation ana 40-50 percent for open-cycle operation. 

Relatively little development is required for the Fbk. Present 
HTOk fuel particles can be used for closed-cycle operation. Some 
modification of the particles to use ZrC coatings probably is 
necessary for open-cycle operation, but development of such particies 
has already been under investigation for comserciai purposes. 

Tne main development task for tne FBR appears to be the 
nigh-temperature (inner) frit. Refractory metal frits appear 
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satisfactory for outlet temperatures up to about 1500 K. Kefractory 
ceramic frits appear to oe practical for mucn higher temperatures out 
must be tested in representative reactor configurations. 

For very nigh power outputs and/or very high coolant outlet 
temperatures# the FBR would be superseded by the second reactor 
concept# the Kotating-Bed Reactor (RBR). In the RBR# the annular fuel 
bed is held inside a rotating porous frit. Coolant passes radially 
tnrough tne frit at low temperature ana then tnrougn the particle fuel 
bed and finally exits at high temperature from a nozzle at one enu of 
ttu kuR internal cavicy. 

Tne kbR can only operate in the open-cycle mode with coolant. 

The fuel particle bed can operate in either of three states—fully 
settlea# partly fluidized# and fully fluidized. At a given coolant 
flow rate# tne fuel bed state i6 determined oy frit rotation speed. 
Higher speeds are required for settied-Dea operation and lower speeds 
for fluidized-bed operation. 

Output powers up to about 5#0U0 rtW(t) can be generated with 
relatively small size HBKs# i.e.# i m x 1 m in length and diameter. 
RBR coolant outlet temperatures up to the limit of materials 
capability# approximately J0U0 K# can be achieved. 

Tne RbR would be used ror direct tnrust applications# where nigh 
power and hign specific impulse (l 8 p ~ 1,UU0 s) are required# ana 
for generation of very large electric power outputs using MHO 
generators or hign-temperature turbines. 

Development requirements are substantially greater for the RBR than 
for the FBR. The fluid dynamics of voiume-neated fluidized oeds has 
not been adequately explored, and fuel particle behavior in very high 
temperature H^ needs to oe further investigated. Since the 
integrated operating life for the RBR is at most a few hours because 
or H^ mass requirements# long-term material performance under 
irradiation does not appear to be an issue. 

The FBR anu tne RBk appear to be promising# mgn-performance 
compact reactors that are designed to meet a variety of applications 
ana a wide power range. Tney are oased on the smaii-diameter- 
particulate fuels developed for tne HTUH# tor wmch tnere is extensive 
t^aence and understanding. 
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FIGURE 2 Multimode reactor operation. 
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FIGURE 3 


BISO and TRISO fuel particle*, developed by General Atoaics. 
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FIGURE b Power densities, in megawatts per liter. 
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FIGURE 8 Fixed-Bed Reactor (FBR). 
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FIGURE 14 Hydrog«n-cool*d FBR, 
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FIGURE 17 Comparison of critical masses for Fixed- and Rotatina-Bed Reacto. 
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FIGURE 22 Effect of frit absorption on of RBR. 
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FIGURE 23 Coolant volume fraction and temperature as a function of fluidized-bed depth 
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FIGURE 24 RBR rotation speed versus power level 
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FIGURE 26 The 100-MW(e) closed-cycle system. 

I 










ttl6«r SCALING FOR A SPACE 
BASED FBR POWER STATION 


WEIGHT 

(tons) 



OUTPUT POWER - HW(e) 


FIGURE 27 Might scaling foe a space-based FBR power station. 
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FlOu«E 29 Variation of normalised 
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FIGURE 30 View of bed taken through bottom plate: 500 glass beads # 
1,000 rpm, 170 m^/min. 
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FIGURE 31 Correlation of fluidization data for 500-^ glass beads; 
specific gravity is 2.5. 
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FIGURE 32 FBR test arrangement. 
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EXPe.KIt.NCb WITH GAE-COOLED AND LIQUIO-METAL-COOLKD 
HIGH-TEMPERATURE NUCLEAR REACTOH SYSTEMS 

R. E. Morgan and L. J. Vachon 
Westinghouse Electric Corporation 
Madison, Pennsylvania lbbbd 


INTRODUCTION 

Tne United states has made outstanding contributions to aerospace 
t'.cnnology over the past 25 years, which nave permitted dramatic 

progress in the exploration and exploitation of aerospace tor the 
benefit of the civilian and military sectors. The successful 
commissioning of tne Space Snuttie and tne consequential interest in 
deploying larger and more advanced aerospace systems have called 
attention to tne neea ror timely development oZ advanced power 
ruppues so that important aerospace missions of tne i990n will not be 
unduly constrained by power considerations. Clearly, the most 
cost-effective and productive step in this direction is to assess the 
current status of applicable technology, followed oy a developmental 
program that maximizes technology transfer and produces a reliable 
power system for a broad range of aerospace missions. Toward this 
objective, this piper provides an overview of relevant aerospace 
nuclear power and propulsion programs in which Westinghouse played a 
significant roie. 


LIGHTWEIGHT hIGK-TEMPoKATURS REACTOR EXPERIENCE 


Propulsion Systems 

Nuclear Rocket Engine (NERVA) (westinghouse Astronuclear Laboratory, 
1972) 

Major progress in tne development or ligntweight, gas-cooled reactor 
technology wan accomplished under the U.S. nuclear rocket program, 
which was initiated oy tne Los Alamos Scientific Laboratory (LASL) in 
1955 and reacnea advanced development status tnrough tne erforts or a 
government-industry team. Tnis program sought to utilize tne nigh 
specific impulse of a nuclear rocket to circumvent tne limitations of 
chemical systems for advanced scientific and civilian missions. The 
NERVA flight engine reactor was sized to provide 1,500-MW thermal 
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power for a rated engine thrust of 75,000 lb at a r ecific inpulse of 
825 s. The overall engine reliability requirement was confidently set 
at an extremely high level: 0.995 at a 90 percent confidence level. 

Based on the LASL KIWI design, the NERVA engine utilized a 
hydrogen-cooled, epithermal reactor containing a core of uranium 
caebide fuel beads dispersed in a graphite matrix and a radial 
beryllium reflector with rotating neutron-absorber drums for control 
of reactor power, ns shown in Figure 1. The nucleonics of tne realtor 
was dominated by the large void fraction associated with the numerous 
coolant channels and oy the niobium coatings in the ^annels Lnat 
protected tne graphite core against tne highly reactive hydicgm 
coolant. 

In addition to demonstrating tne ability of the reactor to operate 
for an extended period at desired power and temperature levels, the 

NERVA program nad to address a number of basic feasioility questions 
with regard to reactor structural integrity, restart capability, and 

controllability. Structural integrity and performance were 
demonstrated by successful operation of 15 KIWI and NRX reactors. 

Early in the nuclear rocket program, serious vibrational problems were 
encountered in the 1962 KIWI-B test, leaving the structural integrity 
of the reactors in douot. Tests conducted in 1964 by LASL ana the 
NERVA team proved that the difficulty was understood and had been 
corrected by an improved lateral support system. Confidence then 
increased sufficiently to increase the reactor performance goal to 60 
min of full-power operation, which was subsequently acnieved with the 
NRX-a 6 reactor test article. 

In the NRX test reactors, E2 entered the reflector from the 
regeneratively celled thrust nozzle at a temperature of the order of 

-260°f. After cooling tne reflector, pressure vessel, control drum 
actuators, internal shield, and support plate, the hydrogen entered 
the core at approximately -230°F. Most of the hydrogen passed 
through the fuel element channels, wherein it was heated to 
approximately 4000°F. A fraction of the core hydrogen flow was used 
to cool the tie-rod3, after which procedure it was mixed with the fuel 
channel exit gas to provide nominal nozzle chamber conditions of 550 
psia and 3630°F. 

More than 25 reactor start-ups, inc»uding many restarts, were 
successfully accomplished in the KIWI/NRX test series. In addition, 

10 reactor start-ups to power conditions were successfully executed in 
the first complete engine system test (NRX/EST)• These tests 
conclusively demonstrated the restartaDility and reusaoility of the 
NERVA nuclear system. 

Other reactor cests resolved tne questions about controllability of 
the system associated with the nuclear reactivity effects of the 
hydrogen coolant under the extremes of temperature, flow, and start 
times dictated by a nuclear rocket. 

Tests then snlfted f r om reactor-related experiments to the 
performance of a ground test engine called the NERVA-XE, successfully 
completed in September 1969. The tests were conducted with the engine 
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firing downward into a simulated space environment, as snown in Figure 
2. The steps included multiple restarts, throttling, and automatic 
control start-up by use of "bootstrap" techniques. Tne engine was 
started 28 times and was operated at various thrust levels for a 
cumulative time of 3 nours and 48 min, whicn included some time at 
full power of 1,100 MM ana thrust of 55,000 lb. 

The technology development phase of the NERVA program was 
successfully completed with tne NRX-A6 reactor test and the XE-Prime 
engine Lest. The feasioility questions had all been answered 
satisfactorily, tne necessary development information had been 
obtained, and reactor endurance capability of greater than 60 min at 
full teiqperature and power had been demonstrated. Development of a 
flight engine was ready to proceed in 1971, when the NERVA program was 
terminated. 


Nuclear Aircraft 

Nuclear Extended Range Aircraft (NuERA) (Muenlbauer and Thompson, 

1972 ). This study of the U.S. Air Force was initiated in 1966 and had 
the basic objective of assessing the feasibility of manned nuclear 
aircraft propulsion using state-of-tne-art reactor technology. The 
reference design parameters that guided the study included a reactor 
plant power level of 275 MM, a reactor outlet temperature of 1800°F, 
a design lifetime of all reactor components (including core) of 10,000 
hours, and a turbine inlet air temperature of 1600°F. 

Concurrent with the design of the reactor system was the evaluation 
of system safety during normal and abnormal aircraft operations, 
including the potential consequences of a crash. In pursuing the 
nigh-temperature, liquid-metal-cooled reactor technology specified for 
this study, various design options were considered. A single-phase 
heat transport system was chosen owing to several disadvantages or a 
two-pnase system, particularly the larger flow-area requirements that 
would increase component sizes and weights. Although direct transport 
of the reactor coolant to the engine turbines promised higher thermal 
efficiency, a primary/secondary neat transport system was elected to 
satisfy safety requirements and to avoid t.;e maintenance problems and 
increased shielding requirements that would result from the plate-out 
of entrained radioactivity in the iow-temperature components. The 
primary system was designed with two separate loops, each delivering 
heat to its own intermediate heat exchanger, to provide redundancy in 
decay heat removal in the event of a malfunction or damage to the 
system. Lithium was elected as the reactor coolant because its high 
specific heat and low vapor pressure would permit much smaller pipe 
sizes and wall thickness and lower pumping power. Existing 
irradiation test data related to fuel dimensional stability, 
fuel/claa/coolant compatibility data, and thermcpnysical properties 
lea to the choice of uranium nitride as tne prime nuclear fuel 
material. (P^cent irradiation data developed under the Liquid-Metal 
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Fast Breeder Reactor (LrtFBR) program indicate that fuel swelling of 
uranium carbide, one of the candidate NuERA fuel materials, would not 
be as severe as had been anticipated in the NuERA study.) 

The reactor concept resulting from the evaluation of v.uble design 
options was a lithium-cooled compact fart reactor. All the primary 
pining material was a columbium alloy (Cb-liir), as were the 
intermediate heat exchangers, the pumps, and the reactor vessel. The 
fuel pins, which also were in contact with the lithium, were clad in a 
tantalum-base alloy (ABTAR 811-C). A secondary fluid, liquid 
sodium-potassium (NaK), was used to transfer the reactor thermal 
energy to the engines. It exited the shell of the intermediate heat 
exchanger at 1700°F and flowed to the engine heat exenanger. In 
tnis engine counterflow exchanger, the NaK was cooled to 1300°F as 
its energy was transferrea to the air stream, tnereby replacing the 
normal combustor function in the engine. Isolation valves were 
included in each secondary loop to provide shutoff capability if 
required in the event of an engine tailure. 

As shown in Figure 3, tue reactor witn its primary shield was 
mounted vertically with the vertical centerline laterally offset aft 
from the center of a spherical containment vessel. The intermediate 
heat exchangers, the primary pumps, and the snield roolant system heat 
exchanger and pumps were installed in the crescent-shaped space 
provided. The banana-shaped expansion tank was located at the highest 
point in the compartment and was connected to one of the reactor 
outlet lines. The intermediate heat exchangers, primary coolant 
pumps, and expansion tank were supported from the containment shell. 


The reactor and shield assembly were mounted on a base structure 
attached to the lower portion of the containment shell, which was 
designed to withstand a 200-rt/s impact in any direction without 
rupturing• 


The primary shield completely enclosed the reactor ana consisted of 
an inner layer of tungsten inside the pressure vessel, an external 
layer of zirconium hydride, and an outer layer of lithium hydride. 
Inserted between these two major layers was a sheet of boral. The 
snield was compartmented and hermetically sealed to prevent the 
outgassing of materials and tne need to contain the shield coolant. 

The decay heat removal system made use of one of the primary and 
secondary loops. The latter was modified to contain a bypass loop 
that was connected to one of the secondary loops and rejected the 
decay heat through a liquid metal to air heat exchanger. The 
secondary coolant pump provided tne pumping power. 

The NuERA conceptual design ueveloped during this extended study 
satisfied all reactor performance criteria and complied with specified 
size and weight constraints on tne nuclear subsystem. Thus the basic 
feasibility of using nuclear power for manned aircraft propulsion 
using state-of-the-art reactor technology was established. 
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Innovative Aircraft Design Study (IADS) (Huehlbauer, 1977) , An 
extension of tne NuERa study was subsequently performed for the U.S 
Air Force by Lockheed-Georgia Company and Westinghouse in 1976-1977 to 
estimate tne lightest ramp weight of an aircraft configuration with a 
nuclear propulsion system. Parametric analyses and design-refinement 
studies were conducted for conventional, canard, and spanloader 
aircraft configurations with payloads of 400,000 and 600,000 lb of 
containerized and/or outsized cargo, a cruise Mach number of 0.75, an 
emergency range of 1,000 n. mi (nautical miles) on chemical fuel, and 
a field length of 9.000 ft. The canard configuration was selected for 
detailed analysis, since it had the lowest ramp weights of the three 
configurations for ootn payloads. 

Analyses of several Rankine and Brayton nuclear propulsion cycles 
resulted in the selection of an open Brayton turbofan cycle for a 
reference aircraft. The selection was made on the basis of the 
extensive data background and low weignt of the cycle. Of all the 
cycles considered, only a nonrecuperated closed Brayton cycle with a 
dual-mode engine was found to be lighter in weight than the selected 
cycle. However, this closed Brayton cycle was excluded from 
consideration in the IADS study because an adequate data base was 
lacking. 

The reference aircraft design conforming with mission requirements 
had a ramp weight of 1,556,000 lb and served as a basis for assessing 
the sensitivity of the design to variations in the mission 
requirements, in advanced technology applications, and in the nuclear 
operation and design pmiosopny. A 13.1 percent reduction in ramp 
weight to 1,353,000 lb was achieved by adopting an altern te nuclear 
operational design philosophy. Features of this alternative included 
special shaping of the shield, use of the emergency range chemical 
fuel for shielding, and full-power reactor operation fci aii normal 
flight prases witn naif-power for emergencies. Tne use of composite 
materials for 40 percent of the structural weignt of the reference 
aircraft produced 13.5 percent savings in aircraft ramp weignt 
relative to all-aluminum aircraft. 

Nuclear bi-Brayton System (Pierce, 1979) . Early Westinghouse studies 
of nuclear aircraft propulsion concepts focused on liquid-metal-cooled 
fast reactors (NuEKA) using the open Brayton cycle and a 
high-temperature intermediate neat exchanger, which presented design 
problems and weight penalties. Subsequent investigations of 
alternative nuclear repulsion systems ndicated that a Bi-Brayton 
cv cle utilizing an advanced High-Temop.ature Gas-Cooled Reactor was a 
promising concept. 

The gas-cooled reactor selected for this concept made use of 
already proven technologies, primarily from the NERVA nuclear rocket 
program and from commercial gas-cooled reactors. The reactor was a 
helium-cooled, graphite-moderated epitnermal reactor with TKISO-coated 
fuel beads dispersed in extruded graphite elements. It had a lateral 
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support system to maintain core bundling and a beryllium radial 
reflector with control drums. 

The Bi-Brayton cycle eliminated the need for high-temperature 
capabilities in the engine and intermediate heat exhangers and 
permittee tne coupling of a state-of-the-art gas-cooled reactor. 
Shielding criteria and materials for the reactor were the same as 
those for the NuERA System. The arrangement of reactor components 
within the containment vessel is shown in Figure 4. Figure 5 contains 
a system schematic and reveals how the physical separation of the 
primary and secondary energy transport loops was achieved; system 
temperatures are also shown, including those for the neat exchangers, 
whicn are substantially lower than those in a comparable NuERA 
system. Another advantage of these low temperatures was that 
concentric stainless steel supply and return lines could oe used for 
the helium secondary system, thereby reducing the piping weight and 
eliminating tne need for insulation. 

Table 1 reveals the power plant weignt reductions obtainable with a 
Bi-Brayton system in comparison with those of the liquid-metal concept 
using the closed Brayton cycle. 


Nuclear Marine Propulsion (Thompson, 1975; Jones, 1975) 

Extensive studies were performed by Westinghouse in applying 
state-of-the-art reactor technology to evolving requirements for 
lightweight power and propulsion systems. One such study was 
initiated in 1972 to investigate the feasibility of a ship powered by 
a lightweight nuclear propulsion (LWNP) system. Key assumptions used 
in this study included a ship weight of 2,000 long tons, a maximum 
mission duration of 6 months, a power plant design lifetime of 10,000 
equivalent full-power nours, and a power plant specific weight less 
than 15 lb per shaft horsepower (SHP) at 140,000 horsepower. Design 
requirements included compliance with federal regulations on 
radiological safety (10 CFR 50) and containment integrity following a 
30-kn (knot) collision. 

Several reactor options and power conversion options were evaluated 
in the early phase of this effort. Following appropriate trade-off 
studies, a NERVA-type reactor and a closed-cycle helium gas-turbine 
power conversion system were selected for this application. Although 
direct shaft power could have been employed, superconducting motors 
and generators were chosen to permit transfer of large blocks of power 
to numerous locations throughout the ship. A schematic diagram of 
this power plant is shown in Figure 6. Only one of the two identical 
parallel power conversion loops is shown. Reactor outlet conditions 
of 1700°F and 1,500 psia were selected after consideration of cycle 
and materials requirements and technology. These conditions provided 
an attractive overall cycle efficiency and a compact power plant that 
can be achieved within the expected capability of superailoy materials 
without requiring cooling of the turbine blades. 
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TABLE 1 Comparison of System Weight* for Liquid-Metal (NuEBA) and 
Gas-Cooled (Bi-Brayton) Nuclear Aircraft Propulsion Systems 


Subsystem Weight 

•A (1,000 lb) 


Liquid-Metal 

Gas-Cooled 


NuERA 

Bi-Brayton 

Nuclear subsystem 

391.3 

419.3 

NSS auxiliaries 

15.0 

15.0 

Piping and engine WL 

122.7 

32.3 

Turbine ana gearing 

— 

6.4 

Engines 

81.0 

70.3 

JP fuel system 

3.1 

3.1 

JP fuel 

134.6 

122.1 

Total system weight 

747.7 

66S.5 


The nuclear reactor, along with the two power conversion packages, 
radiation shielding, and containment, is shown in Figure 7. This unit 
has a 140,000-SKP rating and is 3a ft long, 16 ft wide, and 34 ft 
high. The auxiliaries, not shown in tnis figure, are estimated to 

require 11,700-ft^ additional volume. Tne entire primary system is 
surrounded by a thick-walled containment vessel and consists of two 
cylinders joined in the form of an inverted ”T." The 2-in.-thick 
vertical cylinder immediately surrounds the reactor assembly, while 
the lower 5-in.-thick cylinder surrounds the turoomachinery, emergency 
cooling system, control gas storage bottles, and power conversion 
equipment. Tnis vessel, in addition to providing for mounting of 
system components, acts as tne third level or containment for fission 
products, provides for protection of tne system in the event of 
collision, ana satisfies a portion of the total system shielding 
requirements. The number of connections through this vessel is 
minimised and induces means for positive sealing to ensure protection 
against release of fission products in the event of an accident. 

The reactor design drew heavily upon the demonstrated NERVA reactor 
design technology but incorporated adaptations of those MERVA design 
features appropriate for this LUMP application. Thus on the basis of 
the successful NEKVA development and test program, there was a high 
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degree of confidence that the LWNP reactor could Se successfully 
designed &nd built with a minimum of research anu development. 

Like NERVA, tne reactor consisted of a gas-cooled, graphite¬ 
moderated, epithermal core with coated fuel beads dispersed in 
graphite elements; it had a lateral support system to maintain core 
bundling and a beryllium radial reflector with control drums. While 
fuel element fabrication was based on NERVA technology, the lower 
operating temperature permitted the use of TRISO-design fuel beads 
developed and used in commercial gas-cooled reactors. This feature 
enhanced retention of fission products within the fuel bead itself and 
substantially increased tne overall safety of the system. 

The specific weight of the power plant design described above for a 
140,000-SHP rating was less than 12 Ib/SHP, well within the 15-lb/SHP 
specification. Tne power plant components comprising this total 
weight included all components, controls, and auxiliaries up to the 
connection to the waterjets or propeller shafts and the lift-fan 
shafts. Tne study revealed tnat the power plant could also be 
aesigned with an arrangement whereoy the turbomachinery and heat 
exchangers would be separated and more accessible, but not without 
weignt and size penalties tnat were undesirable for the LWNP 
application. 

The development of the LWNP conceptual design described above, 
including the evaluation and application of available technology, 
indicated that a ligntweight nuclear propulsion power plant was 
feasible and could be developed with minimal risk and reasonable Rfcb 
costs. 


Space Electric Power (Thompson and Pierce, 1977) 

The purpose of this internal Westinghouse study was to investigate the 
feasibility of designing a spacecraft nuclear power plant with output 
in excess of 50 kW(e) that would have a high degree of commonality 
with various space reactor applications in order to minimize 
development cost. The concept adopted for this application consisted 
of a gas-cooled, graphite-moderateo reactor with a direct 
Brayton-cycle power conversion unit. An inert gas mixture was heated 
in the reactor and delivered to tne power conversion units through the 
center of a coaxial piping arrangement. Tne power conversion units 
contained the turbine-compreasor-alternator rotating unit, a 
recuperator, a gas management system, an electric control system, and 
a neat rejection system. 

This concept accommodated the restrictive and unique requirements 
associated with space applications, including reliaoility, 
performance. Development risk, and cost. Many investigators have 
assessed the clo«^n wraytor. cycle anbd confirmed its inherent 
advantages for space power applications. The brayton power conversion 
turbomachinery nas growth potential; since system power level is 
approximately proportional to pressure level, a single set of 



1*2 


turbomachinery can bt developed for ui« ovtr a vid« rang# of power 
output. The MASA-bewis Research Can tar and tna AiResearch 
Manufacturing Co. Its 'rm demonstrated a closed Bray ton -stating unit 
with impressive lifetime and reliability. Although the concapt 
davalopad in tnia atudy utilisad two paralial 25-kM(e) Brayton units, 
additional unita aisad for fractional or full ayataa pow e r could ba 
incorporatad at ralativaly small weight panaltiaa to anhanca ayataa 
reliability. 

A gaa-coolao raactor ia a natural naat aource for the cloaad 
Brayton cycle, and tna uaa of NERVA technology for tnia concapt took 
advantaga of tna advancad aavalopaant atatua of tnia lightweight, 
high-power-density raactor. Lika MERVA, the raactor consisted of a 
gas-cooled, graphite-moderated, epitnermai cora with coatad fual baada 
diaparaad in graphita alaaanta. While fual element fabrication was 
baaad on NARVA technology, the lower operating temperature permitted 
tna uaa of TRI&o-design fual baada, which enhanced the retention of 
fiaaion producta and reduced the potential level of fiaaion product 
contamination of **be working fluid. In view of the ralativaly low 
cora exit temperature, the raactor incorporatad a not-end support 
plate davalopad aa an alternate cora support design to the in-core 
tie-rods used in NERVA. This was a significant design feature in 
minimising the aise of the cora and external shield. 

This NERVA-type raactor ia aisad by end-of-iite criticality 
requirements such that the reactor core aise ia essentially the same 
for any power rating leas tnan 600 *M(e). Therefore the system 
oecoams particularly attractive from a weight standpoint at higher 
power ratings. 

Total weight of tna 50-kN(e) space application utiliring the 
graphite-moderated, gaa-coolao raactor with Brayton powjr conversion 
units was estimated to be 5,300 lb, as given in Tails 2. Tna Brayton 
power conversion component weights were scaled from AiResearch 

Manufacturing Company data. The radiator weight estimate was baaed on 

22 ft^/nw tor a total radiator area of 1,100 ft^. The radiation 
shield consisted of 1,120 lb of canned lithium hydride in the form of 

a shadow cone and was aisad for a lifetime neutron dose of 10*^5 nv t 
to protect an unmanned electronic payload. A system layout for a 
rocket launch venicle is shown in Figure 6. 

This in-house study revealed that a closed-cycle Brayton system 
using a gas-cooled reactor would nave a hign degree of commonality in 
technology and aevelopmtnt for a variety of missions and would be a 
feaaiole system for space power application. Tne study also indicated 
that such a power plant would be highly competitive with other types 
of nuclear systems at power levels as low as 100 kW(e); even at power 
levels as low as 50 kW(e), this type of nuclear system appeared to be 
viable. 
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TABLE 2 Graphite-Moderated# Gas-Cooled Space Powtr Plant (SO 
kW (e) -50,000 EFPh) : Weight Summary 


_ Weight, lb 

Reactor 

Cora including fillar strips 41b 

Beryllium raflactor and lateral support 505 

lnl*t support and raflactor 531 

Exit supports raflactor# and shielding 650 

Prassura vassal 3R2 

Actuators 52 


Subtotal 2#545 
Power Conversion Systea 

Turbomachincry (2 at 25 kW(a)) 145 
Recuperators 132 
Radiator 1#100 
Controls and start-up equipment 60 
Kaaiator and reactor ducts Jab 


Subtotal 1# 642 

Additional shielding 1#120 


Total Weight 5#307 


SUMMARY AND CONCLUSIONS 

Tne NKKVA program demonstrated the feasibility of high-power-oensity# 
gas-cooled reactors for space applications and left a broad technology 
legacy for future power and propulsion programs. NuERA and IADS work 
verified the tecnnicai and operational viability of using a 
high-temperature, xiquid-metal-cooieo reactor for manned aircraft 
propulsion. The follow-on Nuclear Bi-Brayton System study revealed that 
an aircraft propulsion system using a gas-coolec reactor would have 
attractive design and weight advantages. Tne LMNP study established the 
merits of applying NERVA technology to an integrated power system in 
order to meet stringent weignt and safety constraint*. Finally# the 
space electric power study# based on gas-cooj.ro reactor technology# 
established the flexibility and overall superiority of nuclear reactors 
for space power applications at levels as low as 1GQ iutf(e). Numerous 
proprietary studies on 1: weight gas-cooled and li*uid-metal reactor 

power and propulsion syatm _ have been performed by Westingho.^se since 
tne programs described above werw ^oa^leted and have generally validated 
these results. 
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On the basis of tms extensive participation in the design, 
development, and testing ot lightweight, nigh-temp**cature reactor power 
systems, we believe that (i) the feasibility of using gas-cooied or 
liquia-Mtal-coolea reactors tor aerospace power and propulsion 
applications has been firmly established and (2) the existing tecnnoiogy 
base justifies high confidence that an aerospace reactor development 
program could meet Department of Defense requirements on performance, 
cost, and schedule if the program is initiated promptly witn a firm and 
clearly defined mission. 
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FIGURE 1 MERVA reactor assembly 
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FIGURE 2 WA-XE enqine at test stand. 
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5 Schematic diagram of ISi-Brayton aircraft propulsion r/stem. 





FIGURE 6 Schematic diagram of LWNP nuclear power plant 













FIGURE 8 Layout of nuclear Brayton-cycle space power plant. 




TECHNQbUG 1 CAL. IMPLICATIONS OF SNAP REACTOR 
POWER SYSTEM DEVELOPMENT FOR FUTURE SPACE 
NUCLEAR POWER SYSTEMS ACTIVITIES 


R. v. Anderson 
RocKweli International 
Canoga Park, Caiirornia 913J4 


ABSTRACT 

Although the Space Transportation System Dungs a new era to U.S. space 
tecnnology, the United States still lags, the Soviet Union in total space 
launches pei year ana in the development of nuclear systems for nigher 
electric powers in space. The power levels for future U.S. military and 
civilian spa missions are not fully defined at this time; however, 
power neeas can easily be projected to much higher values tnan are 
required totay. Nuclear reactor systems are one method of satisfying 
these power needs. The development of sucn systems mcst proceed on a 
patn consistent witn mission needs and schedules. inis patn, or 
technology road map, starts from the power system technology data base 
available today. Much of this data oase was estaonsneu during the 1960s 
and early i97Gs, when government anu industry developed space nuclear 
reactor systems for steady state power ana propulsion. One of the 
largest development programs was tne Systems for Nuclear Auxiliary Power 
(SNAP) program, by tne early 1970s, a tecnnology oase naa evolveu from 
this program at the system, subsystem, ana component levels, with many 
implications on future reactor power systems, a review of this 
technology base nignlignts the ne^a for a power system technology and 
mission overview study. Sucn a study is currently being performed by 
Rockwell's Energy Systems Group for the Department of Energy and will 
assess power system capabilities versus mission needs, considering 
development, schedule, ana cost implications. The end product of the 
study will be a tecnnology road map to guide reactor power system 
development♦ 


INTRODUCTION 

In the 1960s, with the advent of tne Space Snuttle, a new era in U.S. 
space technology began. The Space Shuttle is ultimately capable of 
lifting 30-t (tonne) payloads into low earth orbits (Figure i). Not only 
is tne shuttle a reusable launch venicie, it is also a viaoie space 
experimental laboratory. Using sortie missions, experiments can 
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be launched, carried out in the environment of space, and recovered 
(Figure z ). Tne total space transportation system (STS) will 
eventually encompass upper stages for placement of missions into 
higher altitude and geosynchronous equatorial orbits (Figure 3)• 

However, in the 1980s, there also occurred a change in perspective 
regarding the role of the United States as military and technology 
leader of the world. Even with tne advancements in launch capability, 
our chief political competitor, the Soviet Union, has "out launched” 
the United States: 88 launches versus 12 in the first 10 months of 
1982. Of the Soviet Union 1 s 88 launches, 71 were for military 
purposes, compared to only 3 of the United States' 12 launches. 

On the other nand, tne U.S. leadership in military technology 
became apparent during the Lebanon war of 1982. This war focused on 
Western war-fighting tecnnology and demonstrated the superiority of 
this technology over that supplied by the Soviet Union to its allies. 
Tne conclusion is that USSR capabilities tend to exceed U.S. 
capabilities in quantify but not in quality. 

One technology area in which the Soviet Union has oeen successful 
in both quantity and quality is the development of space nuclear 
reactor power systems. Seventeen years ago, the United States 
launched a single space reactor power system called the ShAP-lOA 
(Figure 4). This system, launcned in a spacecraft called SNAPSHOT in 
1965, was a flight qualification system developed for the Atomic 
Energy Commission and the Air Force at Atomics International (now a 
division of Rockwell's Energy Systems Group). It is interesting to 
note that the original USSR space reactor power system, called 
"ROMASHKA," was a derivative of a very early static SNAP-10 concept 
(Figure 5). Since the SNAPSHOT launch in 19b5, the Soviet Union has 
improved the quality of its space nuclear reactor power capabilities 
through a thermionic system called "TOPAZ." A derivative of the 
ROMASHKA and TOPAZ systems provides power for its radar ocean 
reconnaissance satellites (RORSATs) (Figure 6). Approximately 20 
RDRSATs have been launched ty tne Soviet Union, with four launches in 
the first lu months of 1982. Aithougn tne RORSAT nuclear power system 
is neither high powered nor long lived, the Soviet Union's use of 
reactors exemplifies its belief that power requirements for space will 
increase over time. 

For the United Stares, these increasing power requirements will 
come from military missions (surveillance and war-fighting) and also 
from civilian missions (scientific and large commercial) . The real 
power system needs for these missions can only be estimated at this 
time. To assess these needs, two parameters in addition to power must 
be evaluated: tne duration of the power ana tne mass of the system 
providing the power. The product of the power and its duration is the 
energy output of the system, and both the power and the energy affect 
the system mass. The mass in turn affects the total launch 
requirements tor the mission. For the types of missions being 
discussed by military and civilian planners today, ranges in power, 
power duration, and power system mass can be defined ana 
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interrelated. Power requirements range over 4 decades, from kW(e) to 
100 MW(e). Power duration requirements range over b decades, from 
seconds of seuiicontmuous power for directed energy applications to 
near 100,000 hours for long-lived, steady state applications. System 
mass requirements range over i decades, from hundreds of kilograms to 
tens of tnousands of kilograms. When plotted in a three-dimensionax 
log-log-log coordinate system, the interrelation of these three 
parameters defines a "requirements space" (Figure 7}• When examining 
this space# the difference oetween steady state and semicontinuous 
needs becomes apparent, what does not oecome apparent is the level of 
power system tecnnoiogy necessary to meet the real needs of military 
and civilian applications. Tne scnedules and budgets required to 
develop power systems tnat are time compatible witn missions must be 

factored into a plan for development--a technology road map. Tne road 
map for power systems must begin witn the complete nuclear power 
system technology base tnat exists in the United States toaay. 


BACKGROUND 

Tne U.S. development of a steady state space nuclear reactor power 
system technology case began in the early 1950s. Reactor systems were 
code named with even-numbered "SNAP" designators and were initially 
considered with power capabilities from nundreos of watts to 
muitikiiowatts. Tne principal SNAP reactor power systems were SNAP-2, 
SNAP-8, SNAP-10A, SNAP-50, and tne Snap follow-on concepts (Figure 
8) . Ail the numerically designated systems were designed for a 1-year 
power duration, witn power capaoiiities ranging from 0.5 to 350 
kW(e). The foilow-on system concepts were aimed at 2- to 7-year lives 
with power capabilities up to 75 kW(e). Tne SNAP-2, -8, -10A, and 
follow-on systems were oasea on a thermal reactor using 
uranium-zirconium hydride fuel. Tne SNAP-50 was based on a fast 
reactor using uranium nitride fuel. 

The hardware pnase of tne SNAP program occurred in the 1960s and 
centered around tne SNAP-2, -a, -10A, ana -50 systems. Separate 
reactor and power conversj' r. subsystem development and testing were 
performed for the SNAP-2 and -8 systems. Tne SNAP-lOA system included 
reactor development, power conversion suosystem development, and fully 
operational system testing on the ground and in space. Tne SNaP- 50 
program included component development testing and did not proceed 
through reactor or sys.^m tab!ication and testing. Tne SNAP foliow-on 
concepts were ouenteu at -yctem technology improvement, and their 
data base was urawn largely from the SNAP-2, -8, anvi -10A urograms. 

The major hardware Milestones m tne SNAP program included the 
SNAP-lOA ground test and rlignt tests in 1965 and the SNAP-8 reactor 
demonstration tests in tne i9b0s (Figure 9) . 

Paralleling this Hardware phase was tne aerospace Nuclear Safety 
Program (Figure . Approximately $50 million (1960s dollars) was 


176 


spent in this program aIons to verify the safety of nuclear reactor 
systems before launch, during launch, in space, and upon reentry. 

Early in the 1970s, system concepting and subsystem improvement 
activities were under way. These activities included the design of 
various reactor power systems, such as the 5-kW(e) reactor 
thermoelectric system and the 75-kW(e) reactor turboelectric system 
(Figure 9)• At the end of this improvement phase, the 
uranium-zirconium hydride reactor system technology base was well on 
its way to providing a 25-kW(e) system with a 5-year life. Over the 
range of powers oeing considered at that time, specific powers of 6-30 
W/kg were projected. These systems had longer lifetimes and specific 
energy capabilities of 30-210 W-yr/kg. The uranium nitride reactor 
system technology tose was oriented to much higher powers, with 
SNAP-50 type systems offering large increases in specific power and 
energy. 

The SNAP program was terminated in the late 1970s. At that time, 
several hundred million dollars had been invested in the technology 
base, with over $200 million of this investment at Atomics 
International. 


SYSTEM, SUBSYSTEM, AND COMPONENT IMPLICATIONS 

The technology oase that was most completely demonstrated and 
supported by test resulted from the SNAP-10A and -6 programs. This 
base was also used in the SNAP follow-on programs. Another technology 
base was established by the higher-power, higher-temperature ^NAP-50 
program. 

The SNAP-10A, -8, a rJ. ^oilow-on programs considered various types 
of power conversion, reactor and shielding concepts were 

similar for all systems. The reactors were thermal, based on 
uranium-zirconium hydride fuel. The hydrogen moderator was 
intrinsically bound in the fuel matrix to minimize fuel inventory and 
maximize r^ictor safety. Fuel composition for ail reactors was 
generally the same, using 10 wt% (weight percent) l^lly enriched 
uranium and 90 wt% zirconium. The fuel was hydridcd to 6 x 10^ 
nydroaen atams/cm3 # or about the same hydrogen aensity as water. 

The reactors were cooled with a liquid-metal eutectic, NaK-73 (7tt wt% 
potassium). Reactor neutron shielding us^d lithium ^yaride (LiH) in a 
stainless steel containment vessel. Gamma shielding, when employed, 
used heavy metals. 

The SNAP-10A system, launched on April 3, 1965, was designated 
Flight System 4 (Figure 10). The total spacecraft was called SNAPSHOT 
and included the Agena vehicle with primary and seeonda^' payloads. 

The SNAPSHOT spacecraft was launched into a l,30Q-kir (700-n. mi. 
(nautical mile)) orbit with approximately a 3,^00-year orbit li/e. 

The SNAP-10A reactor power system initially produced 580 W(e) in 
orbit. SNAP-iUA was designed to oe actively controlled only at t 1 t 
beginning of its life; after L. L :c reactor was stabilized, electric 
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power drifted down witn time. SNAP-iOA performance in space tracked 
tne performance of tne ground test system (Fiignt System 3, see 
below). At tne forty-third day of in-space operation, following orbit 
553, tele^'^ry from tne SNAPSHOT spacecraft was lost. It was later 
determined that thermal overstresssing of the Agena voltage regulator 
caused an erroneous shutdown command to the reactor's permanent 
shutdown device. 

The SNAP-IOA system had a single NaK loop and employed 
silicon-germanium thermoelectric elements (Figure 11). The reactor 
coolant outlet temperature was 833 K (1040°F)- The unshielded 
reactor mass per unit thermal energy was y,65G kg/MW(t)-yr. The 
overall system had a specific power of 1.3 W/kg. Because the system 
was designed for a 1-year life, the specific energy was equal to the 

specific power. 

SNAP-1UA Flight System 3 was tested on the ground in vacuum for 
10,000 hours at power and temperature (Figure 12). The ground test 
was initiated prior to Flight System 4 launcn so that flight 
performance could oe tracked against ground performance* The ground 
test system operated at the same reactor outlet temperature and 
average radiator temperature as tne flight test system. The effective 
Higher sink temperature of the ground facility versus that of the 
space facility resulted in lower power output from the ground test 
system. 

Because of the concerns of launching a reactor system into space, a 
significant safety program supported the SNAPSHOT launch (Figure 13). 
Tnis program was called the Aerospace Nuclear Safety Program and 
supported reactor ana radioisotope system development activities. 

Both safety analysis and testing were performed for the SNAPSHOT 
launch. In the Reentry Flight :*emonstration Test, a full-scale 
nonfueiec* and non radioactive replica of tne SNAP-10 A reactor was 
launched and subjected to a suborbital flight path. This test 
demonstrated beryllium reflector separation from the reactor vessel 
and also supported tneoretical modeling in areas such as aerodynamic 
heating and reactor disassembly. 

A highlight of the safety program was a series of reactor ransient 
tests called tne SNAPTRAN experiments. These experiments were used to 
measure the response to rapid reactivity insertions and core water 
flooding. SNAPTRAN-3 was specifically conducted to characterize the 
SNAP-10A reactor in the water-flooding event that could tollow a 
launch abort ^Figure 14) . In tnis expel -nent, a SNAP-10A core was 
located in a water-filled environmental chamfr. The core was 
surrounded by a poisoned ana voided sleeve. The sleeve wa f 
pyrotechnicaily removed and the reactor was destructed. The expansion 
of tne well-instrumented core was followed by three nigh-spead 
cameras, and the data collected were used to determine coefficients of 
reactivity versus volume expansion. Experimentai data also verified 
that tne reactivity temperature coefficient was -0.4#/°C prior to 
the initiation of core expansion. The SNAPTRAN-3 experiment further 
demonstrated that fuel element disintegration was caused by the 
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generation of hydrogen overpressure. The one intact, fuel element from 
the experiment snowed that this hydrogen evolution was nonuniform 
about tne cross section of the fuel (Figure 14)• A very positive 
outcome of the experiment was confirmation tnat a high fraction of the 
fission products were retained in the fuel element. 

The SNAP-8 program was directed at a 6G0-kW(t) reactor with a 978 K 
(iiOU°r) coolant outlet temperature. The reactor was to be used 
with higher-electric-power mercury Rankine turboelectric power 
conversion subsystems. Two complete reactors were tested in this 
program: the SNAP-8 Experimental Reactor (S8ER) ana the SNAP-8 

Developmental Reactor (S8DR). 

The S8ER was tested in an inerted containment vessel for 12,000 
hours ana operated for i year at power and temperature (Figure 15). 

The reactor employed nonflight-type hardware, and the test did not 
incorporate flight-type neutron or gamma shields. The technology of 
tne S8ER was improved by over a factor of 6 compared with that of 
SNAP-1QA; i.e., for a given unshielded reactor mass, S8ER could 
deliver over 6 times the energy (420 kg/MW(t)-yr) . 

The S8DR was ground tested for 7,000 hours at powers from 600 to 
1,000 kW(t) (Figure 16). Testing was performed In vacuum using 
flight-type reactor components and a flight-type neutron shield. Tne 
actuators were biairecrional, and the reflectors incorporated a 
separate ground test scram mechanism. The S8DR has an unshielded 
reactor mass per unit energy of 450 kg/MW(t)-yr, a value slightly 
higher than that for the S8ER. 

In eacn SNAP-8 reactor posttest examination, fuel cladding cracks 
were found. Destructive examination, experimentation, and theoretical 
analysis confirmed that the cracks resulted from excessive fuel 
swelling. After the fuel swelling phenomenon had been characterized, 

a temperature limit of 922 K (1200°F) was established for the outlet 
temperatures of follow-on uranium-zirconium nydride reactor designs. 

Tne SNAP-8 reactors were designed and tested for use with mercury 
kankine turboelectric power conversion subsystems. The total SNAP-8 
system was intended to generate 30-60 kW(e) (nominal 50 kW(e)) at 
reactor powers of 300-600 kW(t). Tne mercury Rankine power conversion 
subsystem was being developed oy the Aerojet Corporation under the 
direction of tne NASA-Lewis Research Center (NASA-hRC). NASA-LRC was 
also investigating the gas Brayton power conversion suosystera for this 
application. On the basis of development test results for the mercury 
Rankine unit, the SNAP-8 system efficiency was projected to be 10 
percent (24 Dercent of Carnot efficiency). The total system specific 
power was projected in the 7- to 10 -W/kj range* 

The SNAP-8 technology base was then used in the design of several 
SNAP follow-on reactor system concepts (Figure 17). The reactor 
designs were based on SNAP-8 data and ranged in power from 100 to 600 
kW(t). The unshielded mass per unit energy of the reactors remained 
in tne range from 400 to 450 kg/MW(t)-yr The reactors and power 

systems were designed for xonger lives, in the 2- to 7-year range. 

The systems incorporated various thermoelectric and turboelectric 
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(Brayton and Jkankine) power conversion subsystems. Total system 
specific powers were projected at 6-30 W/kg, depending on the absolute 
power level. Total system specific energies were projected at 30-210 
W-yr/kg. 

The time frame during which the SNAP follow-cn systems were being 
conceived was also tne time frame tor subsystem technology improvement 
activities. These activities were performs during tne earxy 197Cs 
and resulted in some expansion of the bNAP data base. This data base 
is discussed below for the reactor, shielding, primary heat transport, 
and power conversion and processing suosystems. 

The data case for the uranium-zirconium nydride reactor suosystera 
is oased on over 41,000 total hours of reactor testing (Figure 18). 
During this testing, peak fuel linear power densities of 11.3 kW(t)/m 

were obtained, as were peak cladding temperatures of 1015 K 
(1370°F). As mentioned earlier, the testing resulted in an imposed 
limit of 922 K (1200°F) on the U-ZrH reactor coolant outlet 
temperature, with a limit of 3.3 kW(t)/m on average linear power 
density. Reflectors, reflector materials, vessel materials, coolant 
headers, vessel structure, high-temperature bearings, and 
hign-teraperature control actuators were also demonstrated and are part 
of tne reactor subsystem data Dase. Of considerable importance is the 
status of control actuators. Sixty—seven actuators were tested for a 
total of 264,000 nours. A single actuator was tested for ^6,u00 hours 
at a temperature of 880 K (1125°F). Otner actuators were tested in 
reactor environments at temperatures of 644 K (7 0G°F). An important 
implication of this actuator testing is tne temperature and 
fast-neutron dosage capabilities of these units. Higher temperatures 
and dosages will require new materials and insulators, with resultant 
actuator development and qualification. 

The shielding subsystem data base results from 13 neutron shields 
being tested for 19,000 nours (Figure 19). In all cases, the neutron 
shielding material was lithium hydride. This is the consensus 
material for neutron shielding Decause it has an extremely nigh 
macroscopic neutron removal cross section per unit density {0.15 
cm^/g). Tne equivalent value for water is only C.10 cm^/g. 

Lithium hydride is a fabricable material, and Atomics International 
cast shields up to a diameter of LB in (6 ft) • The m* jor limitation 
on lithium hydride as a shielding material is its operating 
temperature. LiH melts at 959 K (1266°F), and although molten 
lithium hydride could oe used at temperatures slightly above the 
melting pant, it is apparent tnat very hign temperature reactor 
systems will require active shield cooling or otner shielding 
materials. Either solution will require development. 

The primary heat transport subsystem data base encompasses piping, 
ileuid-metal, electromagnetic pump, and coolant volume compensator 
technologies (Figure 20) * In the SNAP program, 58 electromagnetic 
pumps were tested for 212,000 total hours, wirn a single pump 
operating successfully for 42,000 nours. These pumps operated at 
temperatures up to 920 K (1200°F). Volume compensators we. e also 
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successfully demonstrated in the SNAP program. These components used 
metallic bellows to accommodate the differential volume expansion 
between tne liquid-metal coolant and the piping. The volume 
compensators also provided pressurization tor tne liquid-metal 
coolant, while maintaining it void free. Fifty volume compensators 
were tested at elevated temperatures for over 100,000 total hours. 

The SNAP-10A ground system compensator accumulated 10,000 test hours. 

The power conversion and processing subsystem data base includes 
technologies for thermoelectric and turboelectric power conversion 
(Figure 21). Although the SNAP-10A system used silicon-germanium 
thetraceiectries, development efforts were also focused on lead 
teiluride (PoTe) because of its higher potential figure ot merit, Z 
(equals material Seebeck coefficient squared divided by electrical 
resistivity and tnermal conductivity). Lead teiluride compact tuouiar 
tnermoeiectnc converters wer„ designed by Westinghouse Astronuclear 
Laboratory and tested by both Westinghouse ana Atomics International. 
Two hundred and twenty units were tested for 720,000 hours, with a 
single unit operating for 42,hQ0 hours. A figure of merit of 0.8 x 
1Q”**K-1 was demonstrated for these converters, i.e. f an efficiency 
of 5 percent at a hot clad temperature of 858 K (l085°F) and a cold 

clad temperature of 537 K (507°/F), the required system 
temperatures. The turboelectric subsystems included the mercury 
Rankine units for SNAP-2 ana -8 that were developed by TRW and 
Aerojet, respectively. A mercury Ranxine subsystem was tested in a 
full-up SNAP-2 reactor power system configuration u mg an 
electrically simulated reactor. Thirty thousand hours of test 
experience were demonstrated on the mercury Rankine units with a 
5,000-iour single-duration test. 

In reviewing the reactor power system teennoiogy uata case that 
evolved from tne SNAP program, the question may be asked, "Whac does 
it ...ean today?" Over tne past 10 years, no further activities were 
performed on tnese compact reactor systems. However, in support of 
the radioisotope thermoelectric generator (RTG) programs, development 
activities aid proceed with silicon-germanium thermoelectric power 

convert Lon. 

An interesting perspective can be gained oy "concept!ng" a 
SWAP-type reactor power system using a SNAP-evolved U-Zrh reactor with 
current silicon-germanium thermoelectric capabilities (Figure 22). To 
be consistent with currently envisioned mission requirements, a power 
system lire of 7 years jls used. As the design electrical power level 
of tms system concept. t ,s increased, the specific power and specific 
energy capabilities »^f the system increase dramatically. Although 
SNAP-1GA exhibited a specific power and energy of only i 3 W/kg, a 
SNAP-evolved derivative system witn a 100-kW(e) capability exhibits a 
specific power -of 11 , xg and specific energy of 80 W-yr/kg. Such 

large improvements are due to tne economy of size, to increased 
reactor oolant temperature (from 833 to 922 K), and to improved 
thermoelectric converter efficiency. This system concept would still 
be very ’^rge and heavy in hign-power ranges. The important 



conclusion is the dramatic system-level effect of power on the mass of 
such a system. 

A further perspective into tms etrect can be gained by looking at 
the same type of SNAP-evolved power system concept# but one utilizing 
improved thermoelectrics (Figure 23). These improved thermoelectrics 
have a figure of merit of 1.0 x and have been proposed 

a reasonable technology improvement* The specific power achievable by 
such a system concept at 100 kW(e) is 15 W/kg. The specific energy 
achievable at this power is over 100 W-yr/kg. 

A review and an evaluation of the technology data base established 
by the Pratt and Whitney SNAP-50 reactor turboeiectric system provide 
a similarly dramatic demonstration of the system-level effect of power 
on mass. SNAP-50 was being configured lor power levels of 300-1000 
kw(e). The system employed a fast uranium nitride reactor# operating 
at a lithium coolant temperature of 1367 K (2GQ0°F). The reactor 
was projected to nave an unshielded mass pe. unit energy of 730 
kg/MW(t)-yr. The projected system conversion efficiency was 14 
percent using a potassium Rankine turboeiectric power conversion 
subsystem. SNAP-50 was being designed for a i-year life and was 
projected to have an unshielded specific power in the range of 100-200 
W/kg. 

The key conclusion from this review ana evaluation of the SNAP 
technology data base is that an M order-of-magnitude" power system 
technology improvement is not required to meet the specific power and 
specific energy goais envisioned for *uture space missions. These 
goais are currently in the ranges of 40-50 W/kg and 250-350 W-yr/kg. 
Extrapolations of all types of past system technologies demonstrate 
that these goals seem reasonable with newer# more advanced 
technologles. it is only necessary to determine the level of 
technology advancement necessary to meet real mission needi> 


MISSION CONSIDEHATIONS 

Reactor power systems nave always been directed at next-generation# 
far-term missions. In the eaiiy 1960s# reactor-powered space station 
concepts were being studied (Figure 24). As power system concepts and 
missions evolved, the 1970s envisioned reacts,-powered lunar and space 
stations (Figure 25). In the 1960s, tne Galileo mission to explore 
Jupiter being planned (Figure 26) . 

Today# tne most important activity for the space nuclear power 
community is determining if any mission requires a reactor power 
system. As a starting point in the search lor a nussion, we can note 
the Soviet Union*s use of reactor power for RORSAT. Surveillance is a 
potential mission with a potential near-term need. A possible 
technology fer tms mission ..s tne synthetic apertcre radar# wnicii had 
its initial demonstration in tne snuttie imaging radar (SIR-a) 
experiment. Slk-a was built oy the Jet Propulsion Laboratory as part 
or the 03TA-1 (Office of Space ana Terrestrial Applications) 
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experimental package (Figure 27) . SIR~A operatea at an oititude of 
260 km (140 n. ini.)- Interesting views rrom S1R-A include an oil 
slick near Venezuela (Figure 28) , oil derricks near Abu Dhabi in the 
Persian Gulr (Figure 29) , and freeways in the Los Angeles basin 
(Fijure 30)* SIP-A required a power of only 1 kW(e)* It does 
take much imagination to envision the capabilities of a near-term 
radar system having 20 or 30 kW(e) of power. 

A raaar surveillance system is cniy one potential mission. It 
ooes f however illustrate one truism*—mission power needs will increase 
with time, and power system capabilities must follow those needs. As 
the power needs continue to increase, tne necessity for reactor power 
systems will increase. Looking aga^n at the mission "requirements 
space" (from Figure 7) with a time variable imposed, one can see a 
possible progression of power system capabilities over time (Figure 
31). This Lime dependence is different for steady state and 
semicontmuous missions. In the late 1980s* there could be near-term 
missions, and only certain power system technologies may be capable ot 
meeting near-term mission needs. In the early 1990s and mid-1990s, 
there could oe midterm and far-terin missions. Midterm and lar-term 
reactor power systems will be uvaxlabie to meet midterm and far-term 
mission needs only if proper planning is performed now. Th'S planning 
is the teennoiogy road map that fits time-phased mission needs to 
realistically achievaoie power systems. 


TECHNOLOGY-MISSION OVERVIEW 

The determination of suen a teennoiogy road map was recommended to the 
Department of Energy by Rockwell international. The energy bystems 
Group of Rockwell International is currently performing a 
technology-mission overview study to determine this road map for tee 
Department of Energy. Tne study uses a "bottom-up" approach to assess 
power system capabilities and ties these Capabilities to validated 
mission needs generated oy the Department ot Defense and the National 
aeronautics and Space Administration (Figure 32) . 

An important feature of tne study is technology assessment. In the 
“bottom-up" study approach, reactor power system technologies are 
first assessed at tne subsystem level. Five subsystems are define^ 
for this assessment (Figure 33). For eacn subsystem, current 
technologies are assesed, as arc the future capabilities of improved 
technologies lor midterm neec c ’ ar.a advanced technologies for far-term 
needs. Of prime importance is the consideration or development time 
and development cost ..or each improved or advanced technology. When 
complete, the technology assessment provides time-compatible building 
blocks, (i.e., subsystems whose development can be achieveu w tne 
same time frame. These ouiiding blocks are then used to generate 
systems whose scheduiar ova liability can be time phased by near-t_rm, 
midterm, ana far-term initial operating capability n.OC'. 
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TECHNOLOGICAL IMPLICATIONS OF SNAP REACTOR 
POWER SYSTEM DEVELOPMENT FOR FUTURE SPACE 
NUCLEAR POWER SYSTEMS ACTIVITIES 


K. V. Anderson 
RocKweli International 
Canoga Park# Calirorma 91304 


ABSTRACT 

Although tne Space Transportation System crings a new eca to U.S. space 
tecnnology# the United States still lags# the Soviet Union in total space 
launcnes per year and in tne development of nuclear systems for nigner 
electric powers in space. The power levels for future U.S. military and 
civilian spa ' ' missions are not fully defined at this time; however# 
power neeas can easily be projected to much higher values tnan are 
required toiay. Nuclear reactor systems are one method of satisfying 
these power neeas. The development of sucn systems itust proceed on a 
patn consistent with mission needs ana schedules. This path# or 
technology road map# starts from the power system technology data base 
available today. Mucn of this data oase was estaDiisneu during the 1960s 
and early i970s# when government anu industry developed space nuclear 
reactor systems for steady stace power ana propulsion. One of the 
largest development programs was tne Systems for Nuclear Auxiliary Power 
(SNAP) program, by tne early i*70s, a tecnnology case naa evolveu from 
this program at the system# subsystem# ana component levels# with many 
implications on future reactor power systems, a review of this 
tecnnoJogy base nignlignts the neea for a power system technology and 
mission overview stuay. Such a study is currently being performed by 
Rockwell's Energy Systems Group for the Department of Energy and will 
assess power system capabilities versus mission needs, considering 
development# schedule# ana cost implications. The end product of the 
study will be a tecnnology road map to guide reactor power system 
development. 


INTRODUCTION 

In t" K c i*80s# with the advent of tne Space Snuttle# a new era in U.S. 
opace technology began. The Space Shuttle is Ultimately capable of 
lifting 30-t (tonne) payloads into low earth orbits (Figure 1). Not only 
is the shuttle a reusable launch venicle, it is also a viaole space 
experimental laboratory. Using sortie missions# experiments can 
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be launched, carried ouc in the environment of space, and recovered 
(Figure 2). Tne total space transportation system (Sfb) will 
eventually encompass upper stages tor placement ot missions into 
higher altitude and geosynchronous equatorial orbits (Figure i). 

However, in the 1980s, there also occurred a change in perspective 
regarding the roie of the United States as military and technology 
leader of the world. Even with tne advancements in launch capability, 
our chief political competitor, the Soviet Union, has "out launched" 
the United States: 88 launches versus 12 in the first 10 months of 
1982. Of the Soviet Union's 88 launches, 71 were for military 
purposes, compared to only 3 of the United States' 12 launches. 

On the other nand, tne U.S. leadership in military technology 
became apparent during the Lebanon war of 1982. This war focused on 
Western war-fighting tecnnology ana demonstrated the superiority of 
this technology over that supplied by the Soviet Union to its allies. 
Tne conclusion is that USSR capabilities tend to exceed U.S. 
capabilities in quantity but not in quality. 

One technology area in which the Soviet Union has oeen successful 
in botn quantity and quality is the development of space nuclear 
reactor power systems. Seventeen years ago, the United States 
launched a single space reactor power system called the SNAP-10A 
(Figure 4)• This system, launcned in a spacecraft called SNAPSHOT in 
1965, was a flight qualification system developed for the Atomic 
Energy Commission and the Air Force at Atomics International (now a 
division of Rockwell's Energy Systems Group). It is interesting to 
note that the original USSR space reactor power system, callea 
"ROMASHKa," was a derivative of a very early static SNAP-10 concept 
(Figure 5). Since the SNAPSHOT Jaunch in 19b5, the Soviet Union has 
improved the quality of its space nuclear reactor power capabilities 
through a thermionic system called "TOPAZ." A derivative of the 
ROMASHKA and TOPAZ systems provides power for its radar ocean 
reconnaissance satellites (RURSATs) (Figure 6). Approximately 20 
RORSATs have been launched by tne Soviet Union, with four launches in 
the first 10 months of 1982. Although tne RORSAT nuclear power system 
is neither high powered nor long lived, the Soviet Union's use of 
reactors exemplifies its oelief that power requirements for space will 
increase over time. 

For the United States, these increasing power requirements will 
come irom military missions (surveillance and war-fighting) and also 
from civilian missions (scientific and large commercial). The real 
power system needs for these missions can only be estimated at this 
time. To assess these needs, two parameters in addition to power must 
be evaluated: the duration of the power and tne mass of the system 
providing the power. The product of the power and its duration is the 
energy output of the system, and both the power and the energy affect 
the system mass. The mass in turn affects the total launch 
requirements ror the mission. For the types of missions being 
discussed by military ana civilian planners today, ranges in power, 
power duration, and power system mass can be defined and 
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inter related. Power retirements range over 4 decades, from kW(e) to 
100 MW(e). Power duration requirements range over b decades, from 
seconds of sewicontinuous power for directed energy applications to 
near 100,000 hours for long-lived, steady state applications. System 
mass requirements range over i decades, from hundreds of kilograms to 
tens of tnousands of kilograms. When plotted in a tnree-diraensionax 
log-log-log coordinate system, the interrelation of these tnree 
parameters detines a "requirements space" (Figure 7)• When examining 
this space, the difference oetween steady state and semicontinuous 
needs becomes apparent. What does not oecome apparent is the level of 
power system technology necessary to meet tne real needs of military 
and civilian applications. Tne schedules and budgets required to 
develop power systems tnat are time compatible with missions must be 

factored into a plan for development--a technology roaa map. Tne road 
map for power systems must begin witn the complete nuclear power 
system technology base tnat exists in the United States toaay. 


BACKGROUND 

Tne U.S. development ol a steady state space nuclear reactor power 
system technology base began in the early 1950s. Reactor systems were 
code named with even-numbered "SNAP" designators and were initially 
considered with power capabilities from nundreos of watts to 
multikilowatts. Tne principal SNAP reactor power systems were SNAP-2, 
SNAP-8, SNAP-10A, SNAP-50, and tne SNAP follow-on concepts (Figure 
8). All the numerically designated systems were designed for a 1-year 
power duration, witn power capabilities ranging from 0.5 to 350 
kW(e). The foilow-on system concepts were aimed at 2- to 7-year lives 
with power capabilities up to 75 kW(e). Tne SNAP-2, -8, -10A, and 
follow-on systems were oasea on a thermal reactor using 
uranium-zirconium hydride fuel. Tne SNAP-50 was based on a fast 
reactor using uranium nitride fuel. 

The hardware pnase of tne SNAP program occurred in the 1960s and 
centered around tne SNAP-2, -«, -10A, ana -50 systems. Separate 
reactor and power conversi':r. subsystem development and testing were 
performed for the SNAP-2 Emd -d systems. Tne SNAP-lOA system inciuaoa 
reactor development, power conversion subsystem development, and fully 
operational system testing on the ground and in space. Tne SNaP-50 
program included component development testing and did not proceed 
through reactor or sy^Lem rabrication and testing. Tne SNAP foliow-on 
concepts were onenteu at ci gyctem technology improvement, and their 
data base was drawn largely from the SNAP-2, -8, am -10A programs. 

The major hardware milestones in tne SNAP program included the 
SNAP-lOA ground test and tlignt tests in 1965 and the SNAP-8 reactor 
demonstration tes/.s in tne I9b0s (Figure 9) • 

Paralleling tl/.is nardware phase was tne aerospace Nuclear Safety 
Program (Figure 9). Approximately $50 million (1960s dollars) was 
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spent in this program alone to verify tha safaty of nuclaar raactor 
systems bafore launch, during launch, in spaca, and upon reentry. 

Early in the 1970s, system concepting and subsystem improvement 
activities were under way. These activities included the design of 
various reactor power systems, such as the 5-kli(e) reactor 
thermoelectric system and the 75-kWle) reactor turboelectric system 
(Figure 9). At the end of this improvement phase, the 
uranium-zirconium hydride reactor system technology base was well on 
its way to providing a 25-kW(e) system with a 5-year life. Over the 
range of powers oeing considered at that time, specific powers of 6-30 
W/kg were projected. These systems had longer lifetimes and specific 
energy capabilities of 30-210 W-yr/kg. The uranium nitride reactor 
system technology b*s<? was oriented to much higher powers, with 
SNAP-50 type systems offering large increases in specific power and 
energy. 

The SNAP program was terminated in the late 1970s. At that time, 
several hundred million dollars had been invested in the technology 
base, with over $200 million of this investment at Atomics 
International. 


SYSTEM, SUBSYSTEM, AND COMPONENT IMPLICATIONS 

The technology Dase that was most completely demonstrated and 
supported by test resulted from the SNAP-10A and -8 programs. This 
base was also used in the SNAP follow-on programs. Another technology 
base was established by the higher-power, higher-temperature LNAP-50 
program. 

The SNAP-10A, -8, ar.d "ollow-on programs considered various types 
of power conversion, b..t- cue reactor ana shielding concepts were 
similar for all systems. The reactors were thermal, based on 
uranium-zirconium hydride fuel. The nydrogen moderator was 
intrinsically bound in the fuel matrix to minimize fuel inventory and 
maximize reactor safety. Fuel composition for all reactors was 
generally the same, using 10 wt% (weight percent) fully enriched 
uranium and 90 wtfc zirconium. The fuel was hydridod to 6 x 10^ 
nydrogen atoms/cm^, or about the same hydrogen density as water. 

The reactors were cooled with a liquid-metal eutectic, NaK-78 (7b wt% 
potassium)• Reactoi neutron shielding us^d lithium hyaride (Liti) in a 
stainless steel containment vessel. Gamma shielding, when employed, 
used neavy metals. 

The SNAP-10A system, launched on April 3, 1965, was designated 
Flight System 4 (Figure 10)• The total spacecraft was called SNAPSHOT 
and included the Agena vehicle with primary and secondary payloads. 

The SNAPSHOT spacecraft was launched into a 1,300-kr (700-n. mi. 
(nautical mile)) orbit with approximately a 3,500-year orbit life. 

The SNAP-10A reactor power system initially produced 580 W(e) in 
orbit. SNAP-iUA was designed to De actively controlled only at t’ e 
beginning of its life; after Lhe reactor was stabilized, electric 
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power drifted down witn time* SNAP-10A performance m space tracked 
tne performance or tne ground test system (Flight System 3, see 
below). At tne torty-third day of in-space operation, following orbit 
553, tele^'^ry from tne SNAPSHOT spacecraft was lost. It was later 
determined tnat thermal overstresssing of the Agena voltage regulator 
caused an erroneous shutdown command to the reactor's permanent 
shutdown device. 

The SNAP-10A system had a single NaK loop and employed 
silicon-germanium thermoelectric elements (Figure 11). The reactor 
coolant outlet temperature was 833 K (i040°F)• The unshielded 
reactor mass per unit thermal energy was z,650 kg/MW(t)-yr. The 
overall system hau a specific power of 1.3 W/kg. Because the system 
was designed for a 1-year life, the specific energy was equal to the 
specific power. 

SNAP-10A Flight System 3 was tested on the ground in vacuum for 
10,000 hours at power and temperature (Figure 12). The ground test 
was initiated prior to Flight System 4 launcn so that flight 
performance could oe tracked against ground performance. The ground 
test system operated at the same reactor outlet temperature and 
average radiator temperature as tne flight test system. The effective 
higher sink temperature of tne ground facility versus tnat of the 
space facility resulted in lower power output from the ground test 
system. 

Because of the concerns of launching a reactor system into space, a 
significant safety program supported the SNAPSHOT launch (Figure 13)* 
Tnis program was called the Aerospace Nuclear Safety Program and 
supported reactor ana radioisotope system development activities. 

Both safety analysis and testing were performed for the SNAPSHOT 
launch. In the Reentry Flight J)eraonstration Test, a full-scale 
nonfueied and nonradioactive replica of tne SNAP-10A reactor was 
launched and subjected to a suborbital flight path. This test 
demonstrated beryllium reflector separation rrom tne reactor vessel 
and also supported theoretical modeling in areas such as aerodynamic 
heating and reactor disassembly. 

A highlight of the safety program was a series of reactor transient 
tests called tne SNAPTRAN experiments. These experiments were used to 
measure the response to rapid reactivity insertions and core water 
flooding. SNAPTRAN-3 was specifically conducted to characterize the 
SNAP-1UA reactor in the water-flooding event that could rollow a 
launch abort (Figure 14). In tnis expe : ment, a SNAP-10A core was 
located in a water-filled environmental chamfer. The core was 
surrounded by a poisoned anc voided sleeve. The sleeve was 
pyrotechnically removed and the reactor was destructed. The expansion 
of tne well-instrumented core was followed by three mgh-spced 
cameras, and the data collected were used to determine coefficients of 
reactivity versus volume expansion. Experimental data also verified 
tnat tne reactivity temperature coefficient was -0.4£/°C prior to 
tne initiation of core expansion. The SNAPTRAN-3 experiment further 
demonstrated that fuel element disintegration was caused by the 
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generation of hydrogen overpressure. The one intact fuel element from 
the experiment snowed that this hydrogen evolution was nonuniform 
about tne cross section of the fuel (Figure 14) . A very positive 
outcome of the experiment was confirmation tnat a high fraction of the 
fission products were retained in the fuel element. 

The SNAP-8 program was directed at a 600-kW(t) reactor with a 978 K 
(130u°F) coolant outlet temperature. The reactor was to be used 
with higher-electric-power mercury kankine turboelectric power 
conversion subsystems. Two complete reactors were tested in this 
program: the SNAP-8 Experlmental Reactor (S8ER) ana the SNAP-8 

Developmental Reactor (S8DR). 

The SRER was tested in an inerted containment vessel for 12,000 
hours ana operated for l year at power and temperature (Figure 15)• 

The reactor employed nonflight-type hardware, and the test did not 
incorporate flight-type neutron or gamma cMelds. The technology of 
tne S8ER was improved by over a factor of 6 compared with that of 
SNAP-10A; i.e., for a given unshielded reactor mass, S8ER could 
deliver over t> times the energy (420 kg/MW(t)-yr) . 

The S8DR was ground tested for 7,000 hours at powers from 600 to 
1,000 kW(t) (Figure 16). Testing was performed in vacuum using 
flight-type reactor components and a flight-type neutron shield. Tne 
actuators were biairectional, and the reflectors incorporated a 
separate ground test scram mechanism. The S8DR has an unshielded 
reactor mass per unit energy of 450 kg/MW(t)-yr, a value slightly 
higher than that for the S8ER. 

In eacn SNAP-8 reactor posttest examination, fuel cladding cracks 
were found. Destructive examination, experimentation, and theoretical 
analysis confirmed that the cracks resuitea from excessive fuel 
swelling. After the fuel swelling phenomenon had been characterized, 

a temperature limit of 922 K (1200°F) was established for the outlet 
temperatures of follow-on uranium-zirconium nydride reactor designs. 

Tne SNAP-8 reactors were designed and tested for use with mercury 
nankine turboelectric power reversion subsystems. The total SNAP-8 
system was intended to generate 10-60 kW(e) (nominal 50 KW(e)) at 
reactor powers of 300-600 kW(t). Tne mercury Rankine power conversion 
subsystem was being developed oy the Aerojet Corporation under the 
direction of tne NASA-Lewis Research Center (NASA-LRC). NASA-LRC was 
also investigating the gas Brayton power conversion subsystem for this 
application. On tne basis of development test results for the mercury 
Rankine unit, the SNAP-8 system efficiency was projected to be 10 
percent (24 percent of Carnot efficiency). The total system specific 
power was projected in the 7- to 10-W/Kg range. 

The SNAP-8 technology base was then used in the design of several 
SNAP follow-on reactor system concepts (Figure 17). The reactor 
designs were based on SNAP-8 data and ranged in power from 100 to 600 
kW(t). Tne unshielded mass per unit energy of the reactors remained 
in tne range from 400 to 450 kg/MW(t)-yr. The reactors and power 
systems were designed for longer lives, in the 2- to 7-year range. 

Tne systems incorporated various thermoelectric and turboelectric 
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(Brayton and kankine) power conversion subsystems. Total system 
specific powers were projected at 6-JO W/kq, depending on the absolute 
power level. Total system specific energies were projected at 30-210 
W-yr/kg. 

The time frame during whicn the SNAP follow-cn systems were being 
conceived was also tne time frame for subsystem technology improvement 
activities. These activities were performoc during tne eany 197Cs 
and resulted in some expansion of the SNAP data base. This data base 
is discussed below for the reactor, shielding, primary heat transport, 
and power conversion and processing suosystems. 

The data case for tne uranium-zirconium nydride reactor suosystem 
is cased on over 41,000 total nours of reactor testing (Figure 18). 
During this testing, peak fuel linear power densities of 11.3 kW(t)/m 

were obtained, as were peak cladding temperatures of 1015 K 
(1370°F). As mentioned earlier, the testing resulted in an imposeu 
limit of 922 K (1200°F) on the U-ZrH reactor coolant outlet 
temperature, with a limit of 3.3 kW(t)/m on average linear power 
density. Reflectors, reflector materials, vessel materials, coolant 
headers, vessel structure, high-temperature bearings, and 
hign-temperature control actuators were also demonstrated and are pait 
of tne reactor subsystem data case. Of considerable importance is the 
status of control actuators. Sixty-seven actuators were tested for a 
total of 264,000 nours. A single actuator was tested for ^o,uC0 hours 
at a temperature of 880 K (1125°F). Otner actuators were tested in 
reactor environments at temperatures of 644 K (7 00°F) . An important 
implication of this actuator testing is tne temperature and 
fast-neutron dosage capabilities of these units. Higher temperatures 
and dosages will require new materials and insulators, with resultant 
actuator development and qualification. 

The shielding subsystem data base results from 13 neutron shields 
being tested for 19,000 nours (Figure 19). In all cases, the neutron 
shielding material was lithium hydride. This is the consensus 
material for neutron shielding Decause it has an extremely nigh 
macroscopic neutron removal cross section per unit density (0.15 
cro^/g). Tne equivalent value for water is only 0.10 cm^/g. 

Lithium hydride is a faoncable material, and Atomics International 
cast shields up to a diameter of 1.8 m (6 ft). The ranjor limitation 
on lithium hydride as a shielding material is its operating 
temperature. LiH melts at 959 K (1266°F), and although molten 
lithium hydride could De used at temperatures slightly above the 
melting point, it is apparent tnat very hign temperature reactor 
systems will require active snield cooling or otner shielding 
materials. Hither solution will require development. 

The primary heat transport subsystem data base encompasses piping, 

1 iquid-metal, electromagnetic pump, and coolant volume compensator 
technologies (Figure 20*. In the SNAP program, 58 electromagnetic 
pumps were tested for il2,Q00 total hours, wirn a single pump 
operating successfully for 42,000 nours. These pumps operated at 
temperatures up to 920 K (1200°F). Volume compensators wt .e also 
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successfully demonstrated in the SNAP program. These components used 
metallic Deilows to accommodate the differential volume expansion 
between tne liquid-metal coolant and the piping. The volume 
compensators also provided pressurization for tne liquid-metal 
coolant, wnne maintaining it void free. Fifty volume compensators 
were tested at elevated temperatures for over 100,000 total hours. 

The SNAP-1UA ground system compensator accumulated 10,000 test hours. 

Tne power conversion and processing subsystem data base includes 
technologies for thermoelectric and turboelectric power conversion 
(Figure zl). Although the SNAP-10A system used silicon-germanium 
thermoelectrics, development efforts were also focused on lead 
tellunde (PoTe ) because of its higher potential figure of merit, L 
(equais material Seebeck coefficient squared divided by electrical 
resistivity and cnermal conductivity). Lead telluride compact tuoular 
thermoelectric converters were designed by Westinghouse Astronuclear 
Laboratory and tested by both Westinghouse anu Atomics International. 
Two hundred and twenty units were tested for 720,000 hours, with a 
single unit operating for 42,^00 hours. \ figure of merit of 0.8 x 
10“^K“ J - was demonstrated lor these converters, i.e., an efficiency 
of 5 percent at a hot clad temperature of 858 K (i085°F) and a cold 

clad temperature of 537 K (507°/F), the required system 
temperatures. The turboelectric subsystems included the mercury 
Rank me units for SNAP-2 ana -8 that were developed by TRW and 
Aeroget, respectively. A mercury Ranxine subsystem was tested in a 
full-up 3NAP-2 reactor power system configuration L«ing an 
electrically simulated reactor. Thirty thousand hours of test 
experience were demonstrated on the mercury Rankine units with a 
5,000-hour single-duration test. 

In reviewing tne reactor power system tecnnology uata Dase that 
evolved from tne SNAP program, tne question may be asked, "What does 
it mean today?" Over the past 10 years, no further activities were 
performed on tnese compact reactor systems. However, in support of 
the radioisotope thermoelectric generator (RTG) programs, development 
activities did proceed with silicon-germanium thermoelectric power 

conver: ion. 

An interesting perspective can be gained Dy "concepting" a 
bUAP-cype reactor power system using a SNAP-evolved U-Zrh reactor with 
current silicon-germanium. thermoelectric capabilities (Figure 22) . To 
be consistent with currently envisioned mission requirements, a power 
system lire of 7 years used. As the design electrical power level 
of tms system concept m increased, the specific power and specific 
energy capabilities or the system increase dramatically. Although 
SNAP-10A exhibited a specific power and energy of only 1 3 W/kg f a 
SNAP-evolved derivative system witn a 100-kW(e) capability exnioits a 
specific power of 11 W/xg and specific energy of 80 W-yr/kg. Such 
large improvements are due to tne economy cf size, to increased 
reactor oolant temperature (from 833 to 922 K), and to improved 
thermoelectric converter efficiency. This system concept would still 
be very large and heavy in hign-power ranges. The important 


conclusion is the dramatic system-level effect of power on the mass of 
such a system. 

A further perspective into this euect can be gained by looking at 
the same type of SNAP-evolved power system concept, but one utilizing 
improved thermoelectrics (Figure 23). These improved thermoeiectrics 
have a figure of merit of 1.0 x and have been proposed a* 

a reasonable technology improvement. The specific power achievable by 
such a system concept at 100 kW(e) is 15 W/kg. The specific energy 
achievable at this power is over 100 W-yr/kg. 

A review and an evaluation of the technology data base estaoiished 
uy the Pratt and Whitney SNAP-50 reactor turboelectric system provide 
a similarly dramatic demonstration of the system-level effect of power 
on mass. SNAP-50 was being configured for power levels of 300-1000 
kw(e). Tne system employed a fast uranium nitride reactor, operating 
at a lithium coolant temperature of 1367 K (2000°F). The reactcr 
was projected to nave an unshielded mass pe; unit energy of 730 
kg/MW(t)-yr. Tne projected system conversion erficiency was 14 
percent using a potassium Rankine turboeiectr ic power conversion 
subsystem. SNAP-50 was being designed for a 1-year life and was 
projected to have an unshielded specific power in the range of 100-200 
W/kg. 

The key conclusion from this review and evaluation of the SNAP 
tecnnology data base is that an "order-of-magnitude" power system 
technology improvement is not required to meet the specific power and 
specific energy goais envisioned for future space missions. These 
goais are currently in the ranges of 40-50 W/kg and 250-350 W-yr/kg. 
extrapolations of all types of past system tecnnologies demonstrate 
that these goals seem reasonaole with newer, more advanced 
tecnnologies. it is only necessary to determine the level of 
technology advancement necessary to meet real mission needs. 


MISSION CONSIDERATIONS 

Reactor power systems nave always been directed at next-generaticn, 
far-term missions. In the early 1960s, reactor-powered space station 
concepts were being stuojed (Figure 24). as power system concepts and 
missions evolved, the 1970 f envisioned reactor-powered lunar and space 
stations (Figure 25). In the 1960s, the Galileo mission to explore 
Jupiter is being planned (Figure 26). 

Today, tne most important activity for the space nuclear power 
community is determining if any mission requires a reactor power 
system. As a starting point m the search for a mission, we can note 
the Soviet Union's use of reactor power for RORSAT. Surveillance is a 
potential mission with a potential near-term need. A possible 
technology for this mission ,.s the synthetic aperture radar, wmen had 
its initial demonstration in tne shuttle imaging radar (S1R-A) 
experiment. SIK-a was ouilt oy the Jet Propulsion Laboratory as part 
rt the 03TA-1 (Office of Space and Terrestrial Applications) 
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experimental package (Figure 27). SIR-A operated at an altitude of 
260 km (140 n. mi.). Interesting views rrom EIR-A include an oil 
slick near Venezuela (Figure 26 ), oil derricks near Abu Dhabi in the 
Persian Gulf (Figure 29), and freeways in the Los Angeles basin 
(Figure JO) . SIR-A required a power of only L kW(e). It does c. 
take much imagination to envision the capabilities of a near-term 
radar system having 20 or 30 kW(e) of power. 

A raaar surveillance system is only one potential mission. It 
cioes, however illustrate one truibm--iriasion power needs will increase 
with time, and power system capabilities must follow those needs, as 
the power needs continue to increase, tne necessity for reactor power 
systems will increase. Looking again at the mission "requirements 
space" (from Figure 7) with a time variable imposed, one can see a 
possible progression of power system capabilities over time (Figure 
31). This time dependence is different for steady state and 
semicontmuous missions. In the late 1960s, there could be near-term 
missions, and only certain power system technologies may be capable ot 
meeting near-term mission needs. In the early 1990s and mid-1990s, 
there could be midterm and far-term missions. Midterm and lar-term 
reactor power systems will be available to meet midterm and far-term 
mission needs only if proper planning is performed now. This planning 
is the tecnnoiogy road map that fits time-phased mission needs to 
realistically achievable power systems. 


TtCHNOLOGi-MISSIuN OVERVIEW 

"'he determination of sucn a tecnnoiogy road map was recommended to the 
Department of Energy by Rockwell Internationa^. The energy Systems 
Group of Rockwell International is currently performing a 
technology-mission overview study to determine this road map for tne 
Department of Energy. Tne study uees a "oottom-up" approach to assess 
power system capabilities and tjes these capabi j. 3 ties to validated 
mission needs generated by the Department of Defense and the National 
Aeronautics and Space Administration (Figure 32). 

An important feature of the study is technology assessment. In the 
"bottom-up" study approach, reactor power svstem technologies aie 
first assessed at tne subsystem level. Five subsystems are defined 
for this assessment (Figjre 33). For each subsystem, current 
technologies are assesed, as ace the future capabilities of improved 
technologies for midterm needs and advanced technologies for rar-term 
needs. Of prime importance is tne consideration of development time 
and development cost .or eacn improved or advanced techioiogy. When 
complete, the technology assessment provides time-compatible building 
blocks, (i.e., subsystem*: whose development can be achieved in tne 
same time frame. Tnes-* building blocks are then used to generate 
systems wi.ose schedular availability can be time phased by near-term, 
midterm, ana fnr-term initial operating capability (IOC). 


At the same time, the study provides a review of near-terra, 
midterm, and far-term power system capabilities required by tne users 
—tne civilian and tne military users. The needs of tne users are 
correlated with »:he schedular availability of the power systems. 

Power system requirements are iterated witn the users 1 mission needs 
(Figure 34)• Considerations of development cost and development 
schedule will then result in a preferred technology road map for 
reactor power systems (Figure 35). Tne technology road map will 
correlate cost to schedule and need. Tne generation and use of this 
technology road map will ensure that space nuclear power is no longer 
20 years ahead of its time (Figure 36)• 
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FIGURE 4 Launch of SNAP-10A, a single space reactor power system, 
April 3, 1965. 
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FIGURE 5 The early static SNAP-10 concept: model for USSR 
space reactor system. 


FIGURE 6 USSR RORSATs 


using a reactor power system 
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FIGURE 9 Major milestones in the SNAP program. 



FIGURE 30 Launch of SNAP-10A Flight System 4 plus Agena spacecraft 
on April 3, 1965. 
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FIGURE 11 


SNAP 10-A Flight System 4. 




FIGURE 12 SNAP 10A Flight System 3. 























FIGURE 13 The safety program that supported the SNAPSHOT launch 
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FIGURE 16 The S8DR ground test. 
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FIGURE 17 Follow-on SNAP reactors. 



FIGURE 18 SNAP program data base: reactor subsystem. 
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FIGURE 19 SNAP program data base: shielding subsystem. 





FIGURE 20 SNAP program data base 


primary heat transport subsystem 
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FIGURE 31 Possible progression of power system capabilities over time. 




FIGURE 32 Assessment of reactor power system capabilities by use of 
"bottom-up" analysis. 
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FIGURE 33 Assessment of reactor power system technologies, starting 
at the subsystem level. 


4 ' 

• St'* 

• COST 

• SAFETy 


• POWER RESPONSE 


f i r 


• ■ t 4*. • ,' 1 V •iJv, »"• 

• SAEfTy , • ‘SHELF" LIFE •< 

. .. 

• OPERATIONAL DATE • RADIATION DOSAGE * 

• ... 

• WEIGHT . • SURVfYABIUTV^NOURABILITV 

'* • • ..V 

• VOLUME • AUTONOMY 

• LEVEL • SIGNATURE 

s» P<1WEB OUBATlbN •/ • BpLlABILITV ■ 

. • DUtv QVCLE * !• • REDUNDANCY 


• VOLUME 

• ROWER LEVEL 


• STARTUP TIME 


• LAUNCH ENVIRONMENT 




FIGURE 34 Iterating power system requirements repeatedly with users* 
mission needs. 
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FIGURE 35 The preferred technology road map: a result of the 
"bottom-up" analysis. 



FIGURE 36 Space nuclear power: no longer 20 years ahead of its time. 
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AtiSTRACT 

As neeus develop for nuclear reactors in space, so does the need for a 
comprehensive saiety strategy. Although much of tne strategy is 
already in effect, important evolutionary extensions of current 
practices and concerns are required tor future implementation. This 
paper proposes methods of achieving that goal, based on the two 
fundamental objectives of (1) ensuring that reactor operations do not 
expose the public, the mission personnel, or tne biosphere to undue 
risk and (2) demonstrating safety so convincingly that general 
acceptance is assured. The strategy outlined addresses institutional 
and organizational concerns, physical and engineering aspects, and 
operational policy. The nature of the potential risks and the nature 
of the events that embody those risks indicate that a continuity of 
safety must be provided through the entire life cycle of the reactor 
and across the many organizations involved in the different life cycle 
pnases. The physical and engineering practices are generally well 
developed, but the design and implementation of a safety demonstration 
program, of which the major aspects are to be understandable by a 
rational lav public, will be challenging. 


INTRODUCTION 

In considering tne safety of nuclear reactors for use in space 
applications, we must address the relevant technical, oi v^gicai, and 
ever M>ciai questions because the answers win play a major role in 
determining the future use of reactors in space. Space reactor safety 
has involved case-by-case considerations for more than two decades. 


This report was prepared by a contractor of the U.S. government at the 
invitation of the National Researcn Council for presentation at the 
Symposium on Advanced Compact Reactor Systems, November 15-17, 1962. 
The views expressed in this pap^r are not necessarily those of the 
u.S. Department of Energy. 
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In tfte last few years, further attention has been given to the subject 
in the light of new reactor technology, new vehicles and missions, and 
new social and political realities; but a comprehensive, agreed-upon, 
ano articulated strategy has not yet emerged* It is tne purpose of 
this paper to propose a step in that direction* 

In stating tne IKS* Department of Energy (DOE) position for the 
United Nations Working Group on Nuclear Power in Space, Dobry (1979) 
summarized the status of that development: 

Basic U.S. safety pnilosopnies relative to space reactors have not 
been developed or reexamined relative to new reactor design and 
launch vehicle capabilities, since no requirements have been 
forthcoming for 13 years* Should a requirement be established 
vital to the national interest, design safety philosophies would 
have to be developed; an estimated two-year period would be 
required to address overall safety objectives and criteria and a 
comprehensive and responsive program for the safety protection of 
the public and the environment* Past U.S. practice for all space 
nuclear systems has been established to specific requirements on a 
case-by-case mission basis* 

A strategy must be developed to acnieve objectives tnat are at 

generally framed* Two objectives are proposed here. The first 
is generally recognized and can be formulated from statements by Dobry 
and from tnose in the "DOE Nuclear Safety Criteria and Specifications 
for Space Nuclear Reactors* (Department of Energy (DOE), 198z) as: 

1. There shall be no undue risk to the public, to mission 
personnel, or to tne environment, resulting from the use of space 
nuclear reactors. 

Tne second objective is not generally stated, but I believe it is 
crucial to tne long-term viability of a space reactor program. It is: 

2* The safety of any space nuclear reactor must be so well 
demonstrated tnat general acceptance is assured* 

The concerns of various public constituencies must be addressed if we 
are going to obtain long-term political support for space reactor 
programs. 

addition to these two objectives, which form tne foundation for 
the strategy that is developed and presented here, it is also 
necessary to consider the physical environment that is important to 
space reactor safety, the major types of risks, and the events that 
can lead to tnose risks* A review of these factors provides focus and 
direction for tne development of an appropriate strategy. Also, 
implementation is vital if a strategy is to oe effective, and will be 
considered as the strategy is developed* In so doing, elements of the 
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strategy that already exist will become apparent, as Mill developments 
tnat are important if both objectives are to be met. 


PRINCIPAL PHYSICAL CONSIDERATIONS 

Four fundamental types of risks are involved in the use of space 
reactors: 

1. There are radiological risks related to the inventory of 
radioactive materials, including fuel, fission products, and activated 
materials. 

2. There are chemical risks related to the use or development of 
toxic materials in the reactor construction and operation or to the 
use of materials that, owing to tneir chemistry, increase the risk of 
fire or other chemical reactions. 

3* There are mechanical risks that include tne impact of dense 
materials and tne deposition of energy in such forms as heat and 
pressure waves. 

4. There are secondary or incremental risks that relate to the 
enhancement of otner risks owing to the presence of the reactor (e.g. , 
the chemical nature of reactor materials could have adverse effects on 
the launch vehicle or its systems)• 

These various types of risks can occur singly or in combinations, 
and botn the single occurrences and tne combinations are functions of 
the specific events tnat lead to tneir actuality. 

The nature of the events that lead to risk and the environment in 
wnicn tnose risxs occur are related to the specific phase of the apace 
mission. So far as tne reactor and its related systems are concerned, 
there are four major mission phases. The first combines manufacture, 
testing, transportation, and the assembly of tne reactor with the 
launch vehicle. The second consists of the various prelaunch 
activities anu tne suosequent launch to orbit (or other flight 
trajectory). The third phase is the space operation, the operative 
part ot the mission. Postoperational disposal is the last phase. 
Although a complete assessment of the possible accident events 
associated with each or these phases requires careful analysis for 
specific cases, some general observations are possible. 

The activities associated with manufacture, testing, 
transportation, and assembly are not unique to space reactors, with 
the exception of those related to launch vehicle integration. 
Well-established practices govern manufacture and testing. 
Transportation is a normal activity involving well-known precautions 
of routing, containment, packaging, and subcritical component 
shipping. It is possible that reactor materials or systems could 
interact with the balance of tne payload or with the launch vehicle 
during integration activities to create a hazard, but this possibility 
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will normally be considered when establishing payload and launch 
system cocnpatibility requirements. 

During prelaunch activities, tne primary concern relates to 
inadvertent criticality, with subsequent effects on mission personnel 
and _he environment. Tne criticality could be caused by loss of 
control, such as the malfunction of control drum operating mechanisms, 
or oy cneroicaliy or mechanically introduced reactivity, such as the 
accidencal extraction of absorber plugs.. Although these events are 
conceptually possible, tney are relatively easy to ueal with in design 
and through well-tested administrative procedures. The launch itself 
is mor? problematical, however, and it is necessary to consider botn 
tne normal, successful launch and the various types of launch failures. 

During a normal launch, the reactor and its systems must survive 
wituout suffering any safety*related failure* Tne launen environment 
includes such adverse factors as vibration, temperature, shock, 
acceleration, and humidity. Ail of these factors are well known and 
are amenable to treatment in design and development. 

Kanea or abnormal launenes include events suen as launch pad 
explosions or fires, launen abort after lift-off, and failure to 
acnieve orbit. In either the case of a launch pad explosion and fire 
or the case of launch abort after lift-off, the primary concerns 
relate to tne disposition of a critical reactor or chemically active 
materials in uncontrolled locations* These launch accidents can 
create severe environments. For example, the proposed test conditions 
for launch pad explosion and fire qualification of the SP-100 reactor 
include a 2,000-psi overpressure, with an impulse of 5.4 psi-s, and a 
solid propellant fire subjecting the reactor to 2060°C for 10.5 min 
(Seaoourn, 1982)* Further, impact of the reactor on land water is 
also possible. Under tnese conditions, criticality could be Cc jsed by 
deformation of tne reactor, by damage factors suen as the removal of 
absorber materials, or by immersion in water or some otner fluid suen 
as liquid hydrogen. 

In the case of marginal failure to achieve orbit, the reactor may 
impact on land or water. Alternatively, it may break up in the 
atmosphere, resulting in various-sized fragments oeing distributed 
over a wide area and at various altitudes. Again, the major concerns 
relate to criticality and tne distribution of rauiologicaliy and 
chemically active materials. Use of the Space Shuttle will reduce the 
possibility of these particular accident conditions, out they cannot 
be ignored. 

Compared to the hazards attendant dtnng launch, hazards during 
space operations appear minimal. At reactor deployment it is possible 
that various safety locks will require removal. The operation will be 
accomplished, directly or remotely, by Space Shuttle crew members. An 
inadvertent criticality at tnis point could tnerefore nave safety 
implications for the ciew. So far as postdeployraent operations are 
concerned, mere are only direct safety implications if the mission ; 3 
manned or if it requires manned intervention such as servicing* 
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Generally, the types of hazards related to space operations appear 
amenable to system design and to operating procedures. 

Postoperationai disposal is a safety concern only if the reactor 
reenters the atmosphere. In tms case, the achievement or reactor 
shutdown ana tne length of the delay between shutdown and reentry are 
Doth important oecause the> influence the magnitude of the radioactive 
inventory at tne time of reentry. The concerns associated with the 
reentry itself relate to reactor impact on land ur water, related 
criticality in an uncontrolled location, and tne possible release of 
radioactive or toxic materials. Similar concerns would also arise if 
reactor Dreakup should occur, resulting in a spectrum of fragment 
sizes, compositions, and deposition locations. 

Tne nature of the risks associated witn the use of space reactors 

and tne nature of the events that embody those risks provide an 
insignt into the structure ana requirements of a safety strategy. 
First, safety must oe a prime concern through the entire life cycle of 
the reactor, from conception, througn design and development, througn 
manuracture and operation, to final disposal* Decisions ana actions 
taken as early as concept dennition can affect safety as late as 
final disposal. Second, there must be a continuity of safety concern 
that spans tne many institutions, agencies, and organizations that 
will lnevitaoiy De involved with tne various reactor life-cycle 
phases. Third, although safety is of concern in all mission phases, 
particularly severe accident environments can occur during launch and 
reentry. Further, because these severe environments are coupled with 
launch and reentry, they are coupled witn conditions ana motions 
capable of placing hazards in a wide range of locations. Fourth, 
launch or reentry accidents would be “singular" or •‘dramatic" events. 
Tms fact may influence the accident frequency or the levex of risx 
that the public will accept, as indicated by the concept of "risk 
aversion" (U.S. Atomic Energy Commission, 1975) and by the influence 
of irrational fears on public acceptance (Weinberg, 1982). 

Finally, careful analysis and testing to a very high degree of 
survivaoility, and with impeccable credibility, are likely to De 
required to achieve appropriate safety and to at onstrate its 
achievement. 


OUTLINE OF A SAFETY STRATEGY AND ITS IMPLEMENTATION 

A successful strategy for the afety of nuclear reactors in space will 
have at least three major components. Tne first will address 
institutional and organizational coiKrerns, the second will address 
physical a^a engineering aspects, and the third will address 
operational policy. Tne conesive operation of all these components 
will be required if acceptable satety levels are to be achieved and 
demonstrated. 
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Institutional ana Organizational Aspects 

Safety is a prime concern in all phases ot the reactor lire cycle, 
because many institutions, agencies, and org: .izations are involved 
tnrougnout that nte cycle, a single organizational entity must De 
responsible to provide focus and continuity to safety considerations* 
This entity must assure itself that the various national (and 
agreed-to international) radiological standards are met by a 
particular reactor in a given mission. These standards include, but 
are not limited to, those presented in DOE 54B0.1A, Environmental 
Protection, Safety and Health Protection Programs for DOE operations, 
and 10 CFR 50, Appendix A. General Design Criteria for Nuclear Power 
Plants, us well as tnose recommended ana agreed to by the United 
Nations International Commission on Radiological Protection. 

Safety cannot be produced simply by review and mandate; it nust 
actually be achieved in operation. Consistent with the provision of 
safety continuity through all phases of the life cycle, the 
responsible organization must also concern itseli with operational 
organization, procedures, and such factors as personnel selection and 
training. 

Tms organization must ensure that reaListic assessments are made 
of the iisks associated with the use oi a specific reactor in a given 
mission. These assessments involve appropriate reviews, analyses, and 
safety experiments. This organization must also ensure appropriate 
independence between those organizations involved in these activities 
and tnose responsible for program activities suet as system 
development and mission accomplishment. fms responsibility is 
important even early in the concept selection and design, because 
sarety information may constitute critical design information, 

especially if the policy of inherent safety, presented later, is to be 
successful. 

it is also important tnat the focal organization satisfy itself 
that tne general safety review and any critical analyses or tests are 
understandable oy a rational lay public. 

Finally, this entity must undertake tne first and most detailed 
value judgment implicit in satisryxng tne goal that a space reactor 
mission is not accompanied by "undue" risk. 

At present, tne launch of a space reactor by tne United States is 
approved on a case-by case basis, with the authorization beirg given 
jy the President. Questions of safety form a central part of the 
review that leads to launch approval or denial, and the orgamzatlona L 
entity responsible for consideration of tnose questions is tne 
Interagency Nuclear Safety Review Par.nl (INSRP). 

The relationship between - le pan p i, those organizations providing 
safety information, ana the p rtir.ent government agencies is shown m 
Figure 1 (Bennett, 19b.Tne IhSRP consists of representatives 
appointed ny tne secretary of Defense (DOD), tne Administrator of the 
National \cronautics ana Space Administration (NASA), and the 
Secretary of Energy. other agencies such as the Nuclear Regulatory 
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Commission (NRC) , Environmental Protection Agency (EPA) , ana National 
Oceanic and Atmospheric Administration (NOAA) also participate. 

Tne INSRP issues an independent safety evaluation report and a 
lecommendation for launch approval or denial. A recommendation for 
approval indicates that the representatives of DOE, DOD, NASA, and the 
otner participating agencies believe that the launch and operation of 
the space reactor is free of "undue risk." 

The existence of the INSKP satisfies the major organizational 
strategy requirements cited earlier. It proviaes a single focal 
entity that spans the various organizations involved in the various 
reactor life cycle phases. The panel requires and uses realistic risk 
assessments and also considers tne application of appropriate 
radiological standards. Further, the panel has the ability to ensur 
the consideration of safety early in the reactor development, at the 
concept definition phase. Witn the representation of various 
government agencies, it has the ability to ensure appropriate 

independence in safety studies ana can bring appropriate resources to 
bear on tnose studies. It also undertakes the value judgement 
associated witn launch approval. In the future, with the use of 
larger reactors and with the advent of more complex total missions, it 
may be necessary for tne activities and concerns of the panel to 
evolve in the direction of operational considerations even more than 
nas occurred in tne past. Further, the panel is the logical 
organization co consider acceptance of space reactors oy the various 
public constituencies. Tn general, the INSRP proviaes for the 
organizational considerations of the strategy, out full implementation 
in the future will probabiy require some evolution of the activities 
and concerns. 


Pnysical and Engineering Aspects 

The physical concept and design of a reactor may produce "inherent 
safety," Decause it is physically impossible for certain events to 
occur. Other design aspects may ennance safety by reducing the 
probability or severity of hazards in a passive or active manner. 
Considerations of predictability and reliability should influence 
design in the direction of inherent safety and in the direction or 
passive systems over active ones. Tnerefore the overall safety 
strategy requires that inherent safety be a prime goal in concept 
definition, system design, and system development. Deviations from 
inherent safety should proceed from passive to active systems. 

Ideally, implementing the inherent safety strategy lies m 
designing a reactor that is intrinsically subcntical under ail 
accident conditions. The reactor should remain subcritical in the 
event of deformation or damage resulting from mechanical forces such 
as explosive overpressure and impact or from heat due to a launch 
accident or reentry. Intrinsic subcriticality is arso a design 
objective with regard to immersion and flooding of the reactor. 
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Ideally, the reactor should remain subcritical even if this immersion 
or flooding is coupled with damage to the reactor or its controls. 

The general idea of intrinsic suocriticality has been discussed by 
Buden and Bennett (1982) and Bennett et al. (1982). The influence of 
requiring subcntical immersion on the core envelope dimensions of a 
uranium-zirconium hydride reactor with a beryllium reflector was 
investigated by the Atomic Industrial Forum (1968). The results 
indicated that high core length-to-aiameter ratios were required to 
provide subcriticality in water with a beryllium reflector of 
reasonable thickness, as demonstrated in Figure 2. Although other 
reactor types may not produce such geometrically restrictive 
requirements, there is certainly an indication that inherent safety 
may not always be practically achievable, particularly witn regard to 
ail the events related to launch and reentry. 

Par^ive systems can be used to enhance reactor subcriticality 
duri launcn, with removal of such systems after launch. Use of the 
Space Snuttie enhances this capability. As an example, an integral 
bottom core disk and central plug or boron carbide will be used in tne 
SP-100 reactor for tnat purpose (Seabourn? 1982)• Further examples 
are passive locking systems that immobilize rotating control drums 
until after orbit is achieved. 

Passive systems nave also been proposed and used to minimize risks 
associated witn the reentry of a reactor after some period of 
operation (i.e., witn some remaining radioactive inventory). Design 
of the reactor so that reentry heating causes breakup, with the 
ultimate impact of nonrespirable particles, nas been proposed as an 
effective way of minimizing risk (Bartram and Pyatt, 1979), and, in 
fact, DOE (1982) requirements call for the use of passive systems to 
achieve sucn a breakup. 

Although such a breakup has the potential to minimize risk, it may 
not meet the second objective of tne safety strategy, that of 
obtaining general acceptance, especially if numerous reentries are 
planned. It is possible that this second objective direct efforts 
toward total containment of radioactive materials within an intact 
boundary or boundaries. However, Bartram ana Pi'att point out that 
uncontrolled, intact reentry could present sareguards problems anu 
that intact reentry of a large enough reactor on land could result in 
high radiation doses to people in the immediate vicinity (Bartram and 
Pyatt, 1979). Evidently, the questions related to reentry are 
difficult and bear further thought. 

Active systems for safety steps such as core dispersal have aiso 
been proposed and used but, according to the safety strategy, would 
constitute a last resort. Explosives have been considered for core 
dispersal, and the Soviet Union employs cnemicai dissolution for 
reentry breakup of its space reactors (Buden and Bennett, 1982). The 
dissolution may be semipassive or active, depending on the initiation 
mechanism. 

Active systems have e’so been proposed and used for termination of 
reactor operation. For example, reflector control drums can be 
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actively disassembled to ensure reactor snutdown. When such systems 
are employed, they should be fail-sare in nature. 

The Hierarchy of safety using physical limitation, passive systems, 
and active systems is evidently well usea, but continuous 

organizational discipline is required to ensure that all the 
possibilities at each stage have been exhausted before the next stage 
is allowed. 

The second element of the strategy related to physical and 
engineering aspects is that the success of reactor safety features or 
the achievement of safety objectives should be as independent of 
mission as is possible. Mission factors (such as orbital 
characteristics) should not be used to achieve basic safety 
requirements. This strategy element is based on the proposition that 
failure to achieve a given mission flight profile snoulu not cause a 
fundamental degradation of safety, however, this general approach 
does not preclude active attempts to enhance safety through mission 
design and control. 

The most important example of safety enhancement by this means is 
tnrough the selection of long-lived orbits to allow postoperation 
decay of tne radioactive inventory to minimize possible release to the 
biosphere. The anticipated decay of fission product inventory 
following operation of the SP-iOG reactor is illustrated ± - Figure 3 
(Palmer, 1982), which demonstrates that postoperational orbital lives 
of about 300 years or more will reduce the radioactive inventory by 4 
orders of magnitude. This result is consistent with Bartram and 
Pyatt's contention that long postoperational orbit lives are 
advantageous but that orbit cycle extensions significantly beyond 300 
years do not reduce risks substantially (Bartram and Pyatt, 1979). 
Using a very conservative approach, the SNAP-10A reactor was placed in 
a 4,000-year orbit before it was started, to ensure decay to very low 
levels (Bennett, 1981). The geosynchronous orbit, which is of 
interest in a number of mission applications, offers an essentially 
indefinite orbital life. 

Orbit life considerations can oe complicated by postlaunch 
boosting, boost from a lower orbit to a higher orbit can occur early 
in the mission or may be used as a disposal technique. For example, a 
reactor could be placed in a low earth orbit by the Space Shuttle ard 
chemically boosted to a higher orbit. The reactor may then be usee to 
provide power for nuclear electric propulsion to even higher orbita. 
Buden et al. (1980) indicate that if nuclear electric propulsion vere 
initiated at an orbital altitude of 850 km, there would be ver/ little 
radioactive inventory in the event of reentry. Figure 4 (Burna ec 
al., 1980) illustrates that if nuclear electric propulsion wei e 
initiated at orbital altitudes of 450 or 620 km, the radioact 
inventory during reentry would first increase owing to operating time 
spent in low orbits, out that as the operating time anu orbital 
altitudes increased, the resultant activity at reentry would 
diminish. Obviously, these considerations could become sven mote 
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complex it tiie reactor were started and multiple orbit changes were 
later required* 

Boost from low orbit to high orbit has also been used ror 
postoperationai disposal* The current DOE (1982) space reactor safety 
criteria require an oroit boost system for the SP-100 reactor if it is 
used in low orbit, witn the specification that the booster be able to 
provide orbits with at least a 300-year life* The Soviet Union 
regularly employs postoperationai boost for disposal of its R0MASU*A 
reactors. The boost is typically from an orbit between 250 and 280 km 
to a 900-km orbit following their operational lifetime. The disposal 
orbit provides lifetimes of 100-1,000 years, depending on ballistic 
coefficients. 

Clearly, mission flight patn cnaracteristics can be used to enhance 
safety effectively. Nevertheless, the reactor system should be 

fundamenuaxly safe regardless of flight path* 

The last element of tne strategy related to physical and 
engineering aspects is that tne risks associated with the use of a 
given reactor in a given mission should be realistically assessed 
using probabilistic safety analyses and related or supporting analyses 
and tests. For important focal aspects such as source term 
limitation, safety performance should be demonstrated by appropriate 
component tests and by appropriate full systems tests* This approach 
may extend to important safety systems tnat are not directly part of 
the reactor, such as disposal boosters* 

The strategy element requiring the assessment of risks through 
analyses is already implemented by the various responsible agencies, 
and the results of such analyses are required input to INSHP 
documents. Tne methods employed are provided by the Overall Safety 
Manual (NUS Corporation, 1981)• Basically, the analyses consist of 
three steps: 

1* Determination of detailed mission events naving the potential 
for causing exposure and tne determination of the related 
probabilities or frequencies of those events. 

2. Determination of the consequences in terms of numbers of 
persons exposed to various levels of radiation and the effects of tnat 
radiation. 

3. Evaluation of the nuclear system on the basis of risk (a 
combination of probability or frequency with conseauence)• 

These analyses are not limited to single events or to low 
probability events with high consequences. The more probable 
sequences of events are examined even if they result in nominally 
lower consequences. 

So far as reactor testing is concerned, various tests have been 
used or proposed to evaluate source terms and reactor system behavior 
in various adverse environments. In the case of the SNAPTKAN-2/10A 
reactor, tests were conducted on mecnanical reactivity insertion by 
rapid control drum rotation (Nea^, 1985) and ror the case of water 
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iwmttaion (Cordes «t al., 1965). Various coaponent tests are 
envisioned tor the SP-100 reactor related to sucn factors as explosive 

overpressure and f ire# a^ng others (Seabourn, 1982). 

in general, the requirement tor analysis appears to oe largely in 

hand, but with the limited reactor development that has occurred thus 
far, there is littxe experience with the implementation of a 
demonstration test program involving both components ai.d full systems. 
Me recognize that the costs associated with implementing this approach 
will likely force us m tne direction of employing a relatively small 
number of standardized components and designs, resulting in a modular 
approach to meeting operational requirements (such as variations in 
power requirements)• 


Operational Policy Aspects 

In this context, operational policy simply refers to operational 
choices in the approach to tne use of reactors in space. The first 
step requires that a policy of phased introduction be adopted. 
Implementation of tnis policy lies in selecting missions with nigh or 
geosynchronous orbits for the eany use of space reactors. Missions 
using lower orbits snould be undertaken only after experience nas been 
gained with operation in t*e high orbits and after a level of 
acceptance has been achieved. 

The second step requires that operational procedures and methods be 
developed to minimize risk by such actions as minimizing the 
radioactive inventory at any given mission stage. The elimination of 
prelaunch operation of t^e reactor, as in the case of tne SNAP-iOA 
launcn, is an excellent example of implementation. 


Strategy Implementation 

The institutional and organizational requirements of the strategy are 
largely addressed by the existence of the INSKP. This body provides 
for safety continuity across many organizations, has tne potential to 
ensure careful and credible safety analyses and tests, and undertakes 
the primary value judgment to ensure that there is no undue risk 
associated with the launch of a reactor on a given mission. In the 
future, tne concerns of the panel may evolve in tne direction of 
operational considerations and in tne direction of ensuring that the 
objective of safety demonstration to achieve general acceptance is 
reached. 

A hierarchy of techniques using physical limitations, passive 
systems, and active systems ic in effect and must continue to be 
employed to maximize safety. Mission flight path characteristics can 
De employed to enhance safety, however, both approaches will require 
constant organizational discipline. In the first case, we must ensure 
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that all safety possibilities at a higher level are exhausted before 
resorting to tne easier paths of tne next lower level. In the second 
case# we must ensure that mission flight path considerations are not 
used to justify relaxation of other fundamental safety approaches. 

As far as safety analyses and tests are concerned, safety analyses 
metnous are known and regularly applied, although modeling 
improvements will no doubt be made. However, significant additional 
effort will be required, regarding a full reactor safety demonstration 
test program, if safety is to be amply demonstrated. Owing to the 
limiteo reactor development undertaken to date, little experience is 
available for the design and implementation of sucn a test program. 

The proposed policy of pnased introduction of reactors in space is 
considered to oe important, and its ramifications should probably be 
investigated furtner under the auspices of tne Office of Science and 
Technology Policy and tne National Security Council, because these 
agencies formally request presidential autnorization for a given 
reactor lauanch. 

The basic policy of limiting risks in operation is evident in the 
elimination of prelaunch reactor operation, but the concept requires 
formal development for all mission phases and also requires 
verification in operation. Once again, the evolution of INSRP 
concerns in tne operational direction is important to this strategy 
element. 


CONCLUSIONS 

Fundamentally, reactors can oe made capable of safe operation in space 
applications. However, as the number of sucn applications increases, 
the probability of encountering accident conditions that challenge 
safety factors also increases. It is umineiy tnat a suitably low 
level or risk will be reliably maintained in the absence of a 
complete, agreed-upon, articulated, and implemented strategy to 
achieve it. 

An outline ot a str itegy nas been presented, founded on the dual 
objectives of ensuring that reactor operations do not place the 
public, the mission personnel, or the environment in undue risk, and 
of demonstrating safety so as to achieve general acceptance of the use 
of reactors in space. The nature of the potential risks and tne 
nature of the events tnat embody those risks indicate tnat a 
continuity of safety must be provided throughout tne entire life cycle 
of tne reactor and across the many organizations involved in the 
different life cycle phases. Furtner, severe accident environments 
can be produced during launch and reentry, with the possibility of 
placing hazards in a wide range ot uncontrolled locations. 
Consequently, very careful analysis and testing, to an extremely high 
degree of survi’^ K iiity and with impeccable credibility, are likely to 
oe required to achieve appropriate safety and to demonstrate its 
achievement. This strategy outline is aimed at achieving the major 
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objectives while recognizing the implications of the demanding 
physical environment. 

In form, the strategy outline addresses institutional and 
organizational concerns, physical and engineering aspects, and 
operational policy. Much of tne strategy is already in effect, but 
some important evolutionary extensions of current practices and 
concerns are probably required for full implementation in the future. 
The INSRP addresses tne institutional and organizational aspects, but 
with the advent of missions requiring extended reactor operation and 
complex flight path adjustments, it will be necessary for it to 
address operational aspects of safety very carefully. The physical 
and engineering practices are generally well developed, but the design 
and implementation of a safety demonstration program, of which the 
major aspects are to be understandable by a rational lay public, will 
be challenging. The policies that govern the overall operational 
approach to the placement and use of reactors in space also require 
specific development. 

Although a strategy outline is presented, it cannot be considered 
definitive. Dobry's assessment that a substantial, 2-year effort is 
required to address safety objectives and criteria along with a 
comprehensive safety program probably places this paper in a suitable 
perspective. Ratner, the contribution lies in the thesis tnat a 
well-developed strategy is needed, that such a strategy must consider 
a variety of factors, and that to be successful it must be agreed to 
and articulated by tne various institutions and agencies involved 
with space reactors. The early development of a complete safety 
strategy will probably prove crucial to the long-term viability of a 
reactors-in-space program and to whether tne use of sucn reactors 

becomes commonplace in modern life. 
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FUTURE REGULATION OF SPaCE NUCLEAR POWER SYSTEMS 


L. M. Mtintzing 
American Nuclear Society 
Washington, D.C. 2003b 


None of tne 23 nuclear power systems used thus far to supply 
electricity or heat for space missions has been subject to licensing* 
The basis tor exemption was oovicus for tne first five nuclear-powered 
missions, which involved department of Defense (DOD) "avigational 
satellites, and for two subsequent DOD missions. The Atomic Energy 
Act exempts DOD from licensing wnen its acquisition or use of nuclear 
materials or facilities is for military purposes. 

Once the National Aeronautics and Space Administration (NASA) 
entered the picture as owner ana user of the space vehicles, tn? 
r uuation became less clear-cut* The Atomic Energy Act provider no 
exemption from licensing for government agencies other than DOu and 
the Department of Energy (DOE). 

'I'wo reasons were nevertneiess advanced to justify continuing the 
exemptions. Tne first was that the development and production of 
«pace power devices oy DOE and its predecessors were in fulfillment of 
che research ana development responsibilities assigned to these 
agencies in the Atomic Energy Act* One mignt conce vably question 
this oasis for exemption on the grounds tnat certain of tne numbered 
SNAP (aystems for Nuclear Auxiliary Power) systems were used several 
times* SNAP-27, for example, was employed on six missions; SNAP-19 on 
tnree. Did tms repetitive use constitute an operational phase 
distinct from research and development? The prevailing view appears 
to oe that it did not. Essential to tms finding nas oeen DOE's 
avowal that m tne development of succeeding SNAP devices, even tnose 
tnat bore tne same identifying number, there was a continuing effort 
to improve performance and safety characteristics. 

One can, noweve*, r ion a time when tre technology will have 
become so mature and so widely usea that there may be repetitive 
production oy DOE of essentially idc tical models, cr changes that 
represent little more than production refinements not significantly 
advancing the state of the art. Under such circumstances, it could be 
argued that DOE wouxd no longer be engaged in researcn and development 
on these devices and that tms basis for a licensing exemption for 
isers other than DOD or DOE itselt would no longer be valla. 
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The second basis offered for claiming an exemption from lice ising 
for the nuclear power devices on NASA missions has rested on the fact 
that by special agreement between tne agencies, DOE retains title to 
the devices and their nuclear materials throughout the project. 
Further, since TOE personnel participate to the moment of launch, 
possession is also attributed to DOE. Consequently, the contention 
has been that the exemption provided in the Atomic Energy Act for 
DCE's own activities applies ana tnat the projects are subject to 
TOE's internal health and safety controls rather than to the 
regulations of the Nuclear Regulatory Commission (NR")• 

It night be asked why, in view of this basis for exemption, TOE has 
subjected its own Clincn River Breeder Reactor (CRBR) project to 
licensing procedures. The answer appears to be that this was not due 
initially to any legal requirement but to a deliberate government 
decision, one of whose purposes was to establish that a Dreeder 
reactor could be licensed in the United States. Subsequently, the 
full licensing apparatus of the NRC was applied to ^he CRBR. 

Some disagreement has been reported within the government as to the 
validity of the second basis for exempting the SNAP devices in NASA 
missions based on DoE ownership and possession. According to one 
view, the fact tnat NASA assumes opperational control of the nuclear 
power systems at tne moment of launch and retains it thereafter during 
ail the period of risk nas the effect of giving NASA possession under 
tne terms of the Atomic Energy Act and would make the systems subject 
to licensing were it not for the research and development 
consideration. 

I mention this legal controversy onl; because it may have 
implications for the future, it does not appear to have current 
significance. The next launches involving nucleir power devices are 
not scheduled until 1966, and the systems now planned appear to 
involve advances that would clearly qualify them for exemption under 
tne research and development provisions of the Atomic Energy Act. 

When we speak of licensing, we do not infer that its absence in the 
space nuclear power progiam to date implies any lack of appropria> • 
safety requirements or of adequate analysis, review, and approval 
procedures. On the contrary, an effective interagency review process 
has existed from the outset. Since its formulation under presidential 
directive, tne mechanism nas been centered in the Interagency Nuclear 
Safety Review Panel (1NSRP), with members from DOE, DOu, and NASA. 

As a further protection of tne public jafety, the presidential 
directive also mandates w t participation of NRC. There appears to 
have been a spirited controversy within NRC during the late 1970s as 
to how the commission snould participate. One view was that tne 
circumstances required NRC to undertake an independent review of the 
safety aspects of each proposed mission, even to tne point of 
establishing an organizational unit for that purpose. An opposing 
view was that it would be sufficient tor NRC to participate in the 
interagency roview process as an observer, contributing to the process 
in its areas of expertise but without adopting an agency position 
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except in cases where it felt that a vital issue or concern was being 
mishandled in a serious way* The fact that this second view prevailed 
can be interpreted as a vote of confidence in the interagency review 
process by the NRC. 

It should be added that wnile it is not required by the 
presidential directive to do so, the interagency panel has also 
enlisted tne participation as observers of the Environmental 
Protection Agency and the National Oceanic and Atmospheric 
Administration* 

The space nuclear power healtn and safety regime that has developed 
thus far has been successful. One indication of this success would 
seem to be the fact that although three U.S. space missions with 
nuclear power devices were aborted, there has been no evidence of any 
resulting human injury* 

What of the future? There is a likelihood that future spacecraft 
will require larger amounts of power and hence larger fuel 
inventories* The hazards involved and the burden on the health and 
safety regime can be expected to increase proportionately* 
Nevertheless, if future space use of nuclea* power sources continues 
to oe very limited and noncommercial in character, it would seem 
reasonable to continue the type of review that has existed, centered 
in tne interagency panel* On the other hand, if there is to be a 
greatly expanded program, not primarily experimental in character, 
including commercial enterprises and involving the launching into 
space of a singnificant amount of nuclear material, then we would have 
a different situation that could call for some changes. 

Tne commercial ventures and perhaps some otner uses may need to be 
licensed* In such a more active future for space nuclear power, some 
buttressing might particularly be needed of the system's truth-seeking 
capability with respect to the nature and the degree of risk* 
Appraising risks is an endeavor in which our society has not 
particularly distinguished itself* Witness the uncertainties that 
have been experienced in trying to reacn assured judgments as to the 
degree of hazard involved in the use of pesticides, of saccharin, of 
marijuana, of various promising pharmaceuti^als, and, indeed, of 
nuclear power itself, to name just a few. Such appraisals of risk are 
basic to the go/no-go decisions faced by our administrative and 
political apparatus. They appear again and again to have been the 
weak side of the risk/benefit equations underlying such decisions. It 
is no* surprising that this has been true—the investigatory task of 
identifying and measuring hazards can be enormously difficult. 

How are we to shore up our truth-seeking capability as to the risks 
of the multiple use of nuclear power in space, including use by 
commercial enterprises? * suggest that we should do what an 
individual person might ao when confronting a nazaruous medical 
procedure, namely seek a second opinion * The second opinion I have in 
mind would not be an opinion of whether a project should be approved 
or not, or whether it should go or not go. The*. * need be no such 
second-guessing of the approval process as performed by the current 
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interagency panel. To repeat, the second opinion would be confined to 
shoring up the truth-seeking capability in the approval process with 
respect to the perceived degree of risk. 

Specifically, what I have in Bind for this hypothetical period of 
greatly increased activity is the establishBent of wnat Bight be 
called a Space Nuclear Power Systems Safety Board. In membership and 
operation, the board might reseable the Advisory Cosuiittee on Reactor 
Safeguards. Thus its members would be leaders of the scientific and 
technical community who have unimpeachable credentials in the 
disciplines primarily involved. They would serve on a part-time 
basis, supported by a small full-time staff. Their proceedings would 
be as open as national security permits, taking evidence from all 
interested parties, including government agencies. They would not, 

however, oe adversary proceedings, with ail their procedural 
complexity. The ooara would emphasize truth finding, not procedural 
legalities. 

I am leaving open the question whether the findings of the board 
should be binding on the decision makers or merely advisory. Even in 
tne latter case, it would be persumed that the prestige of the 
individual members and of tne board as a whole would ensure that its 
findings carried important weight and that they would in virtually all 
cases be factored into tne deliberations of the decision makers. 

An important part of tne activities of the beard might nave an 
international prespective. Bearing in mind that space missions 
launched by any country can place at risk the citizen! of other 
countries, tne board should make public all its findings, wirhin 
limits of national security, and should report regularly to an 
appropriate United Nations oody about its activities. 

Establishment of suen a safety board car have benefits not only on 
the plane of reality out also—as can sometimes oe almost as important 
in tne field of public regulation—on the plane of appearances as 
well. This may be particularly important regarding continued 
activities by the interagency panel. Tnere is a widespread public 
preception that when program sponsors are evaluating risks, 
teennological enthusiasm can overwhelm prudence. It was just su<~h a 
preception that led Congress in 1974 to break up the Atomic Energy 
Commission (aEC) and split off its regulatory function. 

I am aware that in the present interagency panel process the 
leading individuals in the safety review are well insulated from the 
mission program offices in their respective agencies. This was true 
in the ABC as well, however, and had little impact on public 
perceptions. The lact that the activities ere carried on under the 
same rod, administratively speakirg, has always been sufficient to 
breed the suspicion of a conflict of interest. The findings of the 
safety board, to tne extent that they corroborate, or are not 
inconsistent with, those cf the interagency panel, can help to aiapel 
any such suspicions, to reinforce the decisions of the panel in 
individual cases, and to buttress its general standing in the 
community. 
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However, this effect on tne plane cf appearances will be but an 
incidental benefit of ti:e safety board, one hardly sufficient by 
itself to justify its establishment. The main reason for having such 
a board will continue to be found in the needed contribution it makes 
to truth-seeking capability. The rationale is well expressed in the 
following remarks made recently Dy J. G. Kemeny, president of 
Dartmouth College and chairman of the President's ;OJimittee on the 
accident at Three Mile Island: 

We have to have a forum for effective discussion of highly 
technological issues so that there is a clear consensus 
about what science and technology say about m issue. 

Then the political process can make the valun judgment. 




SAFETY THROUGH TECHNICAL I*i7 E GRITY 

W. Wegne: 

Basic Energy Teeftnology Associates, Inc. 
Arlington, Virginia ;i2C9 


I have been asked to discuss some aspects fit a the federal government's 
point of view of what it takes to create jun run a large successful 
space nuclear program in whieft the health ar l safety of the public 
must be a major concern. 

The views 1 will express today are my owr and do not necessarily 
reflect those of any government agency. Al»o, I do not represent, nor 
am I a spokesman for, any part of the £e jrral government. I speak as 
a private citizen wno just happens tc have had some nuclear experience 
in the federal government. I nave n experience in space technology. 

Tne basis tor my comments is 2* y' ars of working in the field and 
at the headquarters organization of the Navai factors Program under 
the leadership of Admiral H. G. Kickover. I left that program and the 
federal government in 1979, after having spent the previous 15 years 
as the deputy director. That program chalked up an enviable safety 
record since its beginning in 1948. Today the Navy has more than 130 
nuclear-powered snips in operation that nave steamed over 150 million 
miles and have clocked more tnan 2,400 reactor years of operation 
without having nad any adverse effect on the health and safety of the 
public or the environment. Maybe some of the lessons learned in that 
program could be nelpful in the program you are discussing at this 
symposium. 

First a word about nuclear safety as it pertains to this project 
and to the public and tne environment. In a project such as the one 
being discussed here today, the federal government will bear tne full 
responsibility. The law requires that. The requirements will be more 
stringent than those now imposed on other nuclear power programs, 
since the consequences of a failure could be more serious *nd more far 
reaching. If a project such as this is to come into existence, the 
government will have to use metnods and approaches that are departures 
from the past and present but that nevertheless incorporate tne 
knowledge gained from those experiences, both the good and the bad. 

The methods used today for evaluating nuclear safety and the means of 
achieving it in the design will not suffice for this project. 

Entirely new concepts bearing on nuclear safety will need to be 
developed. Systems and equipment will need to work with a higner 
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degree of certainty. The role the federal government should play in 
this endeavor is what 1 intend to discuss. 

The success of any program of such magnitude depends upon the 
totality of the program. By that I mean that you cannot take a piece 
here and there* accepting the easy parts* rejecting the difficult* and 
then expect it to work. Tnere is no simple* easy way. 

1 am reminded of a situation that illustrates this point. A number 
of years ago* Admiral Kickover and I were out in the Pacific and 
talking to a senior admiral in charge of a large number of ships. He 
voiced his concern tnat so many of bis nonnuclear-powered ships were 
not capable of meeting their commitmencs because they were always 
breaking down, lie nad nothing out the highest praise for nis 
nuclear-powered ships because they invariably were fully operational. 

He asked Admiral Kickover to please provide nim with a copy of 
Kickover's maintenance procedures so that be could distribute them to 
his nonnuclear ships. He was genuinely convinced that all he needed 
was the procedures so that he could distribute then to his ships and 
tnen they would ail work just fine, tie did not realise that the high 
reliability of the nuclear plants involved an entire spectrum of 
elements, including design* manufacturing* testing* personnel* 
training* inspection—just to mention a few. 1 will not relate the 
discussion that followed* but needless to say* the Pleet Admiral did 
not get toe procedures. However* he did get a stern lecture. I am 
afraid there are too many well-meaning people who think that there is 
some cookbook approach to getting safe and reliable engineering plants. 

That is why 1 was at first reluctant to speak on this subject here 
today. It is as if l had all the answers and I am up here providing 
you with a list of ten or so things to do. Then if you do these 
tilings, everytning will fail into place. Lee me emphasise at the 
beginning tnat nothing could be farther from tne truth. All I can do 
is to hit on a few points tnat* in ay opinion, if they are not 
covered* will lead to probleaa—they will not guarantee success. 

First of all* a national commitment to the program is necessary. 

In other words, there must be a recognised need and an established 
mission for what you are attesting to produce. I am reminded of a 
program that has some similarity with the one under discussion here 
today—the Aircraft Nuclear Program. President Kennedy* when he ended 

ANP in 1962* kept asking if we really needed it. When the answer was 
no* not really* the program was dead. Make sure that there is an 
indisputable need. Too often* projects get started because 
contractors are looking for work. Tht»y dream up a new device or 
gadget that will take years to develop and lots of money. Now they 
have got to find a sponsor* and believe me* they have found s o ma 
ingenious ways of convincing the government that there is a dire need 
for this thing, whatever it is. In some cases they could not care 
lesa what it is to be used for as long as the government supports it. 

If this is a description of the project being considered at this 
symposium* then you are doomed to failure. You will also need support 
within the administration . id the Congress. It helps if the need is 
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so cltac that its life does nut depend on the results of the elections 
heia every four years. 1 will not dwell on how you get thin type of 

support, but without it, you go nowhere. 

Once naving decided that there is a compelling need for what you 
are attempting to dc and you have the necessary support, you can start 
laying the groundwork to get it done. 

Since more than one agency of the government can and will be 
involved, it is essential that the group running the project have the 
authority to act within each of the various agencies. For example, 
the director of the project, and for the sake of this discussion I 
will call him the nuclear project director, should have a position of 
authority witnin each agency. If the program is of sufficient 
isportsnee, it may take an executive order to achieve this. At least, 
there needs to be i written memorandum of understanding between the 
agencies that gives him authority to act across tne agencies. 

Selecting a nuclear project director to head the effort then 
oecomss the single most important issue. The person selected should 
oe committed to remain in the 30b for at least 10 years—the longer 
the better. Or course he can be f#placed if the need arises. He 
should have n*d some record of accomplishment and be an engineer—not 
a pure scientist or a management expert. The right person will be 
hard to find. 

It will then oe up to the nuclear project director to<star$ 
assembling a technical group. This group should consist essentially 
of engineers, it should be a relatively small group of highly 
competent people wno are willing to commit themselves for the long 
haul. In order to attract ana retain the calibre of people needed, 
the project needs to have the --me types of personnel exemptions from 
the requirements of the Office of Personnel Management as did the 
Atomic Knergy Commission (ABC) , the Nuclear Regulatory Commission 
(NSC), and the National Aeronautics and Space Agency (NASA) • The 
group should be located in tne Mashington, D.C., area. 

The group should be given the responsibility for all elements and 
phases of the program, such as research, development, testing, design, 
manufacture, operation, and fiscal control. However, this group 
should be responsible only for the reactor and its power-producing 
equipment, not the entire space vehicle. 

A government laboratory will in all likelihood be selected to do 
the actual work. There are a lot of dos and don’ts involved here. 

Tne laboratory designated, or that portion of it, should be totally 
dedicated to this project, and to this project alone. The government 
and contractor managers of the laboratory should report directly and 
solely to tne nuclear project director. The contract between the 
government and the laboratory contractor should be administered and 
controlled oy the nuclear project director. Sufficient safeguards 
should be in tne contract to prevent the contractor from using this 
laboratory as a place to train his people at government expense for 
other work. The nuclear project director should have approval 
authority over the management of the laboratory. 
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Since the product you envision is only a part of the total package, 
tnere is a need for tne nuclear project director to work with those 
responsible for the other parts. He must be the final authority on 
any matter that could directly or indirectly affect reactor safety. 

There will be a tendency to establish one or more so-called 
"oversight committees." One of them could well be a "nuclear Safety 
oversight committee,” that would supposedly resolve disputes among the 
various directors. Although I think that these committees are of 
little value if tne nuclear project is handled properly, and can even 
be narmful, I suspect that with the current mood regarding anything 
nuclear, you will not oe able to avoid them. Tney do need to oe kept 
to an absolute minimum. 

A project of this size will be expensive and will take years to 
complete, because of this, tnere are a number of pitfalls that have 
to be avoided. Tne government must guard itself against being lulled 
by those who wlII say in the beginning that the job opn be done for X 
millions of dollars and in Y number of years. They are expert at 
painting rosy but unreal pictures. They are also expert at 
downplaying technical problems with the old hack, "Ohi that's just a 
minor problem vliat can easily be solved.” It just is not so. I am 
reminded of a proposal made by a large reputable nuclear design outfit 
not too many years ago seeking a Navy contract. One element of the 
design had a fluid operating at minus 300° separated by a 0.25-in. 
metal plate from another fluid operating at 3000°. When asked about 
the metallurgical and heat transfer properties of the plate, the 
contractor just waved it off with, "We don't tnink tnat's going to be 
a problem.” 

Big projects tend to get bigger as contractors see avenues to keep 
their people employed longer and to make their companies more 
profitable. There will be a tendency to use this project to enter 
into all kinds of new research and development projects. Only a 
strong nand by the nuclear project director can control this. 

Allow me to discuss for a few moments tne problems of the 
bureaucracy. Unfortunately, it is a fact of life you cannot avoid, 
but you can try to make it less stifling. Admiral Rickover stated a 
number of times that had he tried o get the NAUTILUS built in the 
1970s, he could not have done it less than 10-15 years and would 
have required at least 10 times the cost because of the increased size 
of the bureaucracy. A serious problem brought scout by bureaucracy 
involves changing the mission requirements. A number of programs 
suffered this fate, including ANP. As the government, including the 
military, are continually changing people, you are subject 
periodically to being given new and usually more difficult mission 
requirements. For a program that extends over sosw 10 years, this can 
be a problem. As I understand your project, it will or could directly 
involve a number of government agencies: the Department of Energy 
(DOE), the Department of Defense (DOO), and NASA. You can also expect 
"help” from several others, including State, the Environmental 
Protection Agency (EPA), NRC, Commerce, Health and Human Services, 
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Interior, Labor# ana Personnel Management. This ia not to overlook 
tlie White house with OMb (Office of Management and budget)# and the 
Office of the Scientific Advisor# or Congress with its growing number 
of interested committees and GAO (General Accounting Office) • bach of 
these groups feels# with some degree of justification# that it has a 
legal right to know what is going on# particularly if it involvea its 
areas of interest. The task of the nuclear project director is to 
attempt to weave nis way through this morass on a daily basis. He 
does this best if he has two attributes on his side. One is 
credibility. It is hard to come by# but it is soamthing that can be 
achieved. That is wny selecting the right director becomes so 
important. Tne second attribute is authority. He must have 
sufficient authority# within tne agencies he is working with# to be 

sole to apeak and have his voice heard. 

As 1 previously mentioned# an engineer should run the project. The 
vast majority of the tougn problems will be engineering problems# not 
scientific problems. There will be a need for scientists# but they 
will nave to oe controlled; otherwise the project will oe forever 
pursuing ideas rather than producing results. Another group that 
neeas to be controlled, or better still# excluded# is the so-called 
management experts. Unfortunately# industry and the government are 
loadeu with tnem, ana they are all looking for a home. The success of 
this program will be determined by the ability to solve difficult 
engineering proolems. It involves designing hardware that will work 
under all types of adverse conditions and for long periods of time. 

1 realise that my comments have been very critical of contractors. 
While this has been done on purpose# ] do need to put it in better 
perspective. Contractors are essential. They proviae the wherewithal 
for solving tne host of technical problems that this project will 
face. In today's world you cannot do the job solely witn government 
employees. Wnat I want to stress is that from tne government's point 
of view# che contractor's role must be controlled and cnanneled so 
that tne government can oe in the best position to carry out its 
responsibility for safety. 

So far I nave discussed how to set up an organization to carry out 
the program. Now I will discuss some basic elements that ought to be 
pare of the design philosophy that will get you closer to achieving 
nuclear safety. 

The design should be kept simple. Today there is a tendency to 
over-coaqplicate. Safety and simplicity go hand in hand. The more 
complex a system gets# tne more tnings there are tnat can go wrong. 
Furthermore# the design should be forgiving. Recognition must be 
given to the fact that things will go wrong. The design cannot be 
made so close to limits that there is no margin for error. 

Allow no item or piece of equipment to be used in the final product 
that nas not been thoroughly tested in the environment and for the 
length of time it will oe used. The final product is no place to test 
any feature of the design. A prototype of the actual end product 
snould oe tested under the most severe conditions it will ever see. 
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Because this plant will operate without hunan beings directly 
controlling its functioning, great reliance will have to be placed on 
completely automated controls, and conceivably for long periods of 
tuse• Unfortunately, technology as it exists today is not capable of 
performing this function with the full assurance that it will work all 
the time, everytime. Tnis is the area that will be the hardest 
technical nut to crack. 

Ail features of the design must oe as fail-safe as possible, both 
independently and in combination. Anotner laboratory or independent, 
technically competent group snould perform a separate design review 
and a safety analysis of the design. 

This brings into question tne role NBC could or should play. While 
1 do net advocate having such a program licensed, I do feel tnat 
having NRC in a role of reviewing the safety aspects of tne design 
would be of immeasurable benefit. Such an arrangement would 
necessarily nave to be carefully structured. 

Nuclear power in tne United States today would not win a popularity 
contest. Without going into tne reasons wny, suit ice it to say that 
putting a nuclear power plant in space is going to be met with public 
resistance. The question of how the government will handle suen a 
program with the public will have to be answered. While the technical 
details can be withheld for national security reasons, the very 
existence of the program cannot be withheld, in my opinion. You can 
expect to receive strong public sentiment against the program. 
Pclitical or moral issues are best handled by Congress. It will be up 
to che federal government to handle tne issue of safety. 

As 1 started this talk, the issue was the health and safety of the 
public. If this device were not nuclear powered, I would not be 
here. All tne points I nave discussed so far were made with that 
aspect in mind. 

1 will end with where i started. The full responsibility of the 
nuclear safety aspects of tins programs resides with the federal 
government. The current prilosophy that permits tnis burden to be put 
on or shared with tne contractor is specious. The only way the 
government can meet this requirement is by setting up a strong, 
technically competent group within the federal goverrusent tnat 
controls all aspects of the program. 

In conclusion, I would like to quote my former boss, who made the 
following coaiment in nis testimony before the Kemeny Commission after 
the accident at Three Mile Island: 

The problems lof reactor safety whicnj you face cannot oe solved by 
specifying compliance with one or two simple procedures. Meactor 
safety requires adherence to a total concept wherein all elements 
are recognized as iaportant and eacn is constantly reinforced. 

Tnis philosophy is easy to espouse but difficult to accomplish. 


PROCEDURES FOR SECURING CLEARANCE 
TO LAUNCH REACTORS 


T. B. Kerr 

National Aeronautics and Space Administration 

Washington, D.C. 20546 


ABSTRACT 

Tne procedures tor securing clearance to launch reactors into space 
are tne same as those tor launcmng other radioactive materials into 
space. Reactor systems must oe designed to meet specified criteria. 

A safety analysis report (SAR) must oe oreparea and submitted to the 
Interagency Nuclear Safety Review Panel (INSRP). The INSRP members 
ana subpanel members will be available ror consultation and review 
throughout tne program, and they will review the SARs ana related data 
in detail. Following review of the final SaR, the INSRP will prepare 
a safety evaluation report (SER) and submit it to the heads of 
agencies who, in turn, will recommend launch approval (or disapproval) 
to the Offi:e of Science and Technology Policy (OSTP). Approval can 
be grantee by USTP in some instances, or the recommendation of 
approval can be forwarded to the President for approval. 


BACKGROUND 

At the beginning of a program, such as the development of space 
nuclear reactors, a few thoughts ana some background information 
relative to the safety retirements, analysis, review, ana approval 
procedures for space nuclear systems are important. It is often 
consiaerea necessary to change procedures, add more or different 
groups, and "reinvent the wheel" whenever a new system is designed. 
This paper provides an introduction to the procedures ana requirements 
that have been used successfully during the last 18 or 20 years 
without "reinventing the wheel" each time. 

In 1961, two SNAP-JA (Systems for Nuclear Auxiliary Power) units 
were flown by the Department of Defense (DOD) and the Atomic Energy 
Commission (AEC) (now Department of Energy (DOE)) on board two DOD 
navigation satellites. Approval to launch these units was granted 
following an informal DOD and AEC review. In 1962, no formal policies 
or procedures existed to control these activities. In preparation for 
the SNAP-9A launches in 1963, an expanded review group was established 
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and more detailed procedures were implemented. The National 
Aeronautics and Space Administration (NASA) was invited to participate 
in tne reviews, although the launches were for DOD navigation 
systems. At that time, the responsibility for tnese reviews was made 
a part of the responsibilities of the joint ARC/NASA Space Nuclear 
Power Office. At tne same period, reviewers were looking at the 
proposed SNAP-10A reactor system, which was launched as a test project 
in 1965. it was during tnese early reviews and launches that 
efficient and comprehensive review and approval procedures were 
developed. Table 1 summarises the space nuclear power systems 
launched by the United States to date. 

Since the specialists were inexperienced in worKing with the 
space-reiated nuclear environments, it was critical to recognize and 
allow for possible launch failures. It was also obvious that the same 
procedures used for ground-based systems could not be followed, 
because tne systems were ughtweignt and could not oe enclosed in big 
protective containers or heavy shielding and because potential launch 
failures on or near tne pad and reentry following an unsuccessful 
launch and short orbital lifetimes could result in the system falling 
to eartn in unknown and uncontrolled areas. Further, approval at tne 
hignest level was required, it was critical for the Department of 
State and the President and his staff to understand the potential 
risks of tnese launches. The potential tor political repercussions 
was great in case of failure Decause of impact ano possible fuel 
release on foreign territories. 


LSTAttL ISHMC.NT OF A R£V1£* COMMITTLc 

During tnis period of early reviews, representatives from AKC, DOD, 
and NASA were outlining areas and procedures that could maice reviews 
and approvals more consistent and efficient. Concerns and 
recommendations were forwarded to the heads of tne agencies for 
consideration. Meetings at the agency level were held, ano it was 
determined not to use a standing formal interagency committee, because 
some details were classified, so that open, ptblic participation was 
not possiDle. An ad noc group was approved. This group has cince 
taken on tne name "Interagency Nuclear Safety Review Panel" (INSRP) 
and is often referred to as tne "panel." Figurw i snows the panel as 
used for the SNAP-27/Apollo review. Figure 2 lists the membership *y 
organization of tne worKing groups or subpanels as appointed for the 
same review of Apollo. 

As part of tnese early reviews, an organization witn experience in 
and growing understanding of tne many potentiai failure modes was 
developed, since that time, tne same general procedures for 
designating the review panel have Deen used. The user agency requests 
participation of the otner two, the coordinators meet and determine 
support needs, and in turn, the specialists are designated by the 





TABLE 1 Summary of Space Nuclear Power Systems Launched by the United States 
(1961-1982) 
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coordinators. The coordinators also determine tne requirements for 
subpaneis to support the tecnnical needs. 

Since 1962, Mr. Tnomas Kerr has oeen NASA's coordinator in the 
reviews tor ail space nuclear systems. Mr. George bix was tne first 
DOS (AEC) coordinator, from tne early 1960s until he was transferred, 

— ana was succeeded by Ted Dobry and later by Marvin Kornn. DOb 
changes coordinators and supporting personnel on a regular oasis as 
military transfers occur. There are individuals wno nave been 
involved for several years and there are others, of course, wno have 
been involved in tne review of one or two systems betore moving on and 
being replaced. At the present time, many capable individuals are 
available ana receive the necessary support from management. 

The INbKP is in tne early stages of reviewing NASA's Galileo system 
and the European Space Agency's International Solar Poiar mission. 
Several new problem areas have to oe solved tor these systems. First, 
the systems will oe carried into oibit aboard tne ^pace Shuttle. 
Second, they will use the wide-ooay Centaur as tne upper stage to take 
them from tne shuttle to tneir mission environments. Tnird, they will 
have additional propulsion for trajectory shaping, guidance, anu 
station keeping. Finally, tney will use new radioisotope 
tnermoeiectric generators (RTGs). These features are not particularly 
unique; they are routine for space systems. Changes made in the past 
tecnnologies always seem unique In previous systems, the spacecraft 
and RTos or reactor at tne top of tne sracK were somewhat isolated by 
didcaiice from tne most nazaraous potential environments during the 
launch phases. Tne shuttle cargo bay, however, is iocateu in the most 
hazardous area p< i.e., the Centaur is in the bay in the 

immediate vicinity of the KTGs• Tne RTGs are thermally not ana 
require auxiliary cooling while tne shuttle aoors are closed, End 
there are several propellant tanks in the same Day, Needless to say, 
we recognize the potential nsxs tms combination provides. 

What relationship does tms l.ave to reactor safety, review, ana 
approval procedures? Reactors will not be launched in an operating 
mode; they will be made safe so tnat nothing can happen uunng launch 
short or immeaiace reentry; ana tney will be thermally cold. Further, 
tney will be "s-arted up" only after tney nave reached acceptable 
orbits or trajectories; thus there should be little or no concern. 

However, misnaps and failures usually ao occur because, for 
example, workers fail to roiiow procedures; nardware fails to function 
properly; people get involved; or no one thinks of some combination of 
events, actions, or failures tnat, according to "Murphy's Law," will 
occur. In planning applications and developing n&rdware it is 
important to involve specialists who understand the systems and at the 
same time can ask searching questions. These specialists snould 
include at least one or two professional "fault finders”—individuals 
wno are not required to respond positively to management plans or 
follow tne party line. Tney must understand the systems and the 
potentials; they should nave sufficient technical stature to oe 
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accepted oy the community; they mast be supported by management to th^ 
extent that they can require changes without fear of discipline; and 
they must be well enough informed about the total mission that they 
can recognize tne magnitude of potential failures* In applications 
such as tne use of reactors or radioactive materials in space or other 
potentially nazardous activities of this leve? where failures can lead 
to many injuries or fatalities, a rigorous safety evaluation by tne 
developer and user is critical* 

INSRP PARTICIPATION 

Sometimes users tend to assume that _.iey can rely on the review panel 
to ensure safety, and although this may La true, the most probable 
results are added expenses ana program delays. The panel participates 
almost from tne inception of these programs. Each system is evaluated 
by II&jKP in n three-stage review process: after submission or (1) 
the preliminary safety analysis report IPSAR), (2) the updated safety 
analysis report (USAR), and (3) final safety analysis report (FSAR) • 
Members of tne panel and subpanels are involved during critical 
program review meetings, in test program revifws, in working group 
meetings, or any time they can obtain signifijant information that 
will help them understand and evaluate the system. Figure 3 
illustrates a typical development and INSRP review schedule. The 
INSRP involvement and review is ongoing and extends over a long period. 

When INSRP personnel recognize potential difficulties, data or 
information deficiencies, or any other item that may lead to problems 
d :ing a review, this information is given to project personnel for 
action. Participation during tne early phases of a project does not, 
in any way, commit reviewing personnel to any particular position. An 
attempt is made to prevent inconsistencies, but if information that 
changes the outlook on a particular problem comes to light at a late 
date, the reviewers depend on the latest available data. For example, 
during the review of the SNAP-19/NIMBUS-B system, some of the late 
data indicated a possible need for a major design change in the fuel 
capsule, and time was short. The proposed changes could not be 
guaranteed until very late, just before launch, and as a result, both 
designs were reviewed, anc two safety evaluation reports (SERs) were 
written using tne appropriate inputs. 


USEFUL STEPS BEFORE PREPhRING AN SAR 

So far, 1 have discussed the INSRP ana its operations: how it 
functions, its history, its successes, and its independence. It was a 
very conscious decision to approacn the procedures in this m nner. 
There are several papers cy DOE program personnel (NUS Corporation, 
1974; Bennett et al., 1960a,b; Bennett, 1961; Bennett et al., 1961) 
that cover various aspects of the space nuclear systems and their 
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review, Note \n particular Bennett's (1981) article, “Overview of the 
U,S• flight Safety Process tor Space Nuclear Power." 

Tne fjrst and pernaps roost critical requirement for users is to 
communicate witn the appropriate INSRP coordinator. As a result of 
this contact, the experience and information collected by tne INSRP is 
made available. The data requirements can be discussed, guidance 
concerning SAR requirements is given, and INSRP personnel provide 
ongoing review of the activities. 

Second, tne Overall Safety Manual (OSM) (NUS Corporation, 1974) 
should be obtained, reviewed, and understood. This suggests study of 
tne Dasic documentation requirements to obtain an understanding of the 
types of data tnat are m the OSM oy surveying the table of contents, 
the references, the technical models, and the basic ciata that are 
included. It is important to recognize the method used in putting the 
information together to study similar systems' SARs so chat there will 
be no surprises, and to ask questions. The OSM volumes provide 
background information concerning demography, oceanography, and 
meteorology, and muen source material common to all systems. In 
addition, they provide an outline and guidance for p^eoaring SARs. 

Tne contents of SARs include tne information listed in Table 2. 

It is certainly not recommended that one should obtain an OSM and 
begin writing a SAR in a "vacuum." There are many aspects of a launch 
and launch-related information tnat could be extremeiy expensive to 
duplicate and that have already been documented. There is extensive 
experience in areas suen as calculated and nistoncai values of 
failure rates. Each launch vehicle is evaluated the first time it is 
used for one of these systems, and in foilow-on uses tne differences 
are documented. Launch site characteristics are considered consistent 
for the same area from launch to launch except for seasonal variations 
or specific modifications. These consistent characteristics are 
included in tne OSM refeience data and other source documents that are 
used with tne OSM. 

Third, at an early date, it is important to invite tne INSRP 
coordinators and members, as determined necessary by the coordinators, 
to meet with project personnel to exchange information and discuss 
operational and review philosophy. Tnis allows individuals to meet 
tne principal contacts they will be worxing with during the next 
several years. Many of the unknowns can be discussed and the tendency 
to consider each otner tne opposition can, to a latge extent, be 
eliminated. The INSRP is not interested in preventing a launch; it is 
interested in evaluating the potential for mishaps and avoiding or 
minimizing injury or death of people. 


CONTENTS OF SAFETY ANALYSIS REPORTS 

According to Bennett's (1981) article, in general, the Safety 
Analysis Reports consider tne following types of accident environments 
(categorized by mission pnase): 
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P relauncn, Launch, and Ascent Phases: 

—Explosion overpressure. 

—Projectile impact. 

—Land or water impact. 

—Liquid propellant fire. 

—Solid propellant fire. 

—Sequential combination of the above. 

Orbit and/or Flignt Trajectory Phases: 

—Reentry. 

—Land or water impact. 

—Postimpact environment (land or water). 

On-orbit continqency options (including retrieval) are considered as 
appropriate. 

The safety and safeguard requirements during development, 
fabrication, testing, and transportation of the nuclear power system, 
prior to the arrival of tne hardware at the launch sire, are provided 
and enforced by the usual DOE operational requirements and orders and 
include specific guides at all levels, such as surveys, and reviews 
and approvals of facilities, procedures, personnel, equipment, ana 
emergency plans. Transportation and storage of special nuclear 
material are always taken seriously. SAKs consider the storage and 
handling prior to and during installation of the nuclear power supply 
on the spacecraft and all phases following installation. Catailed 
safety tests are required, and they are evaluated as part of the 
analyses associated with the SAK and review. 


INTERAGENCY NUCLEAR SAFETY REVIEW PANEL 


An outgrowth of the early decisions to review space nuclear power 
systems by a special interagency committee, this procedure has now 
become policy. The exact makeup and procedures have not been 
formalized to tne point tnat it is a "one, two, three or follow a 
specific guideline and everything will De fine" activity. The 
President has directed that these systems be reviewed using the ". . . 
Interagency Nuclear Safety Review Panel consisting of members from the 
Department of Defense, Department of Energy, and National Aeronautics 
and space Administration . . .." The Nuclear Regulatory Commission is 
also to be requested to oarticipate as an observer when appropriate. 
The procedures, personnel, organization, and other details are left to 
the discretion of the agencies ani the INSRP, as appointed. 

Figure 4 illustrates the involvement and path for obtaining 
approval to launch these systems. Tnere are many organizations, 
meetings, studies, tests, and development activities and phases that 
feed into the four blocks on the left. Also, many technical and 
"political" questions have to be analyzed and answered. Data flow 
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from many related organizations. Vehicle and launch environment 
parameters are examined from a different point of view than is 
normally necessary for operations. Environmental factors may be 
critical in the event of an abort, and special studies are conducted. 
Subpanels of the 1NSRP, as indicated in Figuroa 1 and 2, are charged 
with the responsibility of evaluating the many likely or reasonably 
probable events that could occur during or following an abort and that 
could possibly release radioactive material. This will include the 
immediate as well as long-term effects. The input for these analyses 
often requires extensive ana expensive test programs. Some of these 
tests are funded by a particular spacecraft office or nuclear power 
program office if the effect is unique. In other instances, there are 
ongoing tests to accumulate information over periods of many years. 
These are funded separately as part of a long-term safety program. 

The box snowing tne INSRP is deceptive from a time requirement point 
of view. The INSKP becomes involved during the eany phases, almost 
during the concept period. The INSRP certainly influences the 
documentation requirements and the schedule for ':hese documents. 
Normally there are at least this* formal INSKP review meetings: one 
for the PSAK, one for the USAR, and one for the FSAR. Other meetings 
are held as required. The INSRP subpanels meet as often as necessary 
to guide program personnel in the development of needed information. 
Although the subpanels do not develop the data, they analyze them, 
perform calculations and tests as needed, recommend areas for further 
analyses of tests, and provide experience and assistance to help 
program personnel understand the safety needs and avoid unnecessary 
costs whenever possible. 

The INSKP ano its subpaneis are not made up of three duplicate 
specialty groups. Experts are appointed as needed and are available 
from whenever they work. In some instances each agency nas the 
necessary capability, wnile in others one agency may have the greater 
capability in house or by contract. The INSKP members are government 
employees. The subpaneis may have government or contractor members. 

In addition, each panel and subp&nel member can have as many technical 
advisors from nis or her own agency, contractors, or other agencies as 
considered necessary. 


SAFETY EVALUATION REPORT 

Once the FSAR is reviewed and the INSKP members are satisfied, the 
panel prepare a safety evaluation report (SER) and submits it to the 
agency neads for review and approval. This is the document that 
provides necessary summary information to the orfices indicated on the 
right-hano side of Figure 4. Although the INSRP cloea not make a 
recommendation of launch approval or disapproval, tn* results or the 
INSRP review, as documented in the SER, certainly lead managers to a 
position where they can make the decision. A further reason to expect 
most SERB to lead toward launch approval is tne recognition by program 
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personnel, throughout the development and fabrication phases, that if 
tne 1NSKP or its subpanels find potentially serious uesign problems 
and point them out, it is prudent to listen and make the necessary 
changes before getting to the approval stage* This has been done 
several times in the past* 


REQUEST FOR LAUNCH APPROVAL 

After the SER has gone to the agency heads and they are satisfied with 
the findings, tne two suppc ting agency heads submit letters of 
concurrence to the user agency, ano in turn, the user submits a letter 
to tne Office of Science and Technology Policy reguesting launch 
approval* This request may be acted upon at that level in some 
instances, and in others, tne approval is granted through the Office 
of tne Presidert. 

When more than one system will be launcned over a reasonable period 
of time using the same facilities and launching vehicle types, it is 
not unusual to have tne complete series approved at one time by tne 
President* Notification prior to each launch is required so that 
proper contingency preparation can be in place during tne launch and 
critical periods. 


CONCLUSIONS 


The review procedures as developed and implemented by tne INSRP nave 
been successful ana well accepted by all levels ut government* These 
procedures have been presented to and accepted by the Scientific and 
Tecnmcal Subcommittee of the United Nations Committee on tne Peaceful 
Uses of Outer Space. The United States supports a rigorous space 
nuclear safety program that provides for testing and analyses of power 
sources intenued for space applications* Tne SER includes a 
probabilistic risk analysis tecnnique to assist decision aaKers in 
assessing the risk versus Denefit from the use of the nuclear power 
system. The INSRP Goes not nave any nne autnonty or directive power 
over programs using nuclear power systems; however, its reviews 
presented as negative nndings certainly would influence management. 

As a result, from a practical point of view, program management 
listens to me INSRP and considers ail items tnat are marginal or 
questionable during all phases of a program. 

To my knowledge, there are no indications that a new procedure or 
policy will oe implemented m the immediate future. The INSRP has 
participated at a minimal level, but has nevertheless been involved, 
in the planning and discussions concerning future reactor programs and 
possiole needs for reactors in space* The procedures for these 
activities are tne same as the ones that have been used for several 
years and that are being used for the Galileo and international Solar 
Polar programs. 


244 


REFERENCES 


Bennett, G. L., J. J. Lomtardo, ana B. J. Rock. 1980. Space nuclear 
electric power systems. Paper (AAS 80-220) presented at the 1980 
Annual Meeting or tne American Astronautical Society, October 
20-23, 1980, boston. Mass. 

Bennett, G. L., ana b. J. Rock. 1980. Nuclear power sources tor space 
applications. Paper prepared at the 45th Military Operations 
Keseavcn Symposium, United States Naval Academy, June 3-5, 1980, 
Annapolis, Mo. 

Bennett, G. L., J. Lomoardo, and B. J. Rock. 1981. Development and 
use of nuclear power sources for space applications. J. Astronaut. 
Sci. 29(4)S321-342. 

Bennett, G. L.• 1981. overview of the U.S. flight safety process for 

space nuclear power. Nucl. Safety 22(4):423-434. 

NUS Corporation. 1974. Overall Safety Manual, 4 vols. Prepared for 
the U.S. Atomic Energy Commission, Space Nuclear Systems Division 
(upcateo ror tne U.S. Department of Energy). 


245 





U £ 

d hi ^ d u 8 



FIGURE 1 Interagency Nuclear Safety Review Panel (Apollo missions). 
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FIGURE 3 Typical flow of space power systems development and review activities 
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HEAT PIPE TECHNOLOGY 



W. A. Ranken 

I job Alamos National Laboratory 
Los Alamos, New Mexico 87545 


AbSTRACT 

This paper discusses the application of neat pipes to r iclear reactor 
space power syst as. Characteristics ot the device that favor such an 
application are descnoed, and recent results ot current teuunology 
development programs are presented. Resear i areas that will need to 
be addressed in demonstrating that adequate lifetimes can be acnieved 
with evaporation/condensation cycles operating at high temperatures in 
a reactor environment are also discussed. 


INTRODUCTION 

Since it first emerged nearly two decades ago as a product or th«=> 
national space power program (Grover et al., 19o4) , the neat pipe has 
been undergoing a gradual transition from a potentially useful 
laboratory curiosity to a commercial unit used in a considerable 
variety of applications. The pace of development ana application has 
r*t times been quite modest, but now tne device has been produced in 
quantities measured in millions, and prospects for further expansion 
of its areas of utilization are excellent. 

Among the more important applications have been its use to 
stabilize the permafrost around the stancnions supporting the 
above-ground section of tne Alaska pipeline (Waters et al., 1975), its 
use for heat recovery in heating and air conditioning systems as well 
as for neat recuperation in industrial furnaces and ovens (Rucn, 

1975), and its adaptation to waste heat boiler systems (Littwin and 
McCurley, 1981). Recently, over one million units have been built for 
just one application—the cooling of an audio amplifier, wmch is 
produced abroad in large quantities (OsaKaoe et al., 1981). 

Increasing use for 
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heat radiation and temperature contrci systems in satellites has 
occurred in Dotn tne United States and other countries lArakeiov et 
ai., 1*76; Harwell ana McIntosh, 1981; Kelly and Reisenweoei, 1981; 
Kimura et ai. , 1981; Ollenaorf et <u., 1981). 

Future applications now in an active development stage include 
underground power cable cooling (Iwata et al., 1981), temperature 
smoothing in processing furnaces (Kamctam, 1981), troping of 
geotnerme reservoirs (Cannaviallo et ai. , 1981), ana transfer o: 
solar heat from roofcop collectors to below-ground storage (Nasonov 
and Boncarenko, i960) . 

Most of these applications are tor heat pipes operating at low to 
moderate temperatures. Higner temperature commercial, applications 
have been slow to appear, primarily because or tne tact that liquid 
metals be ome tne working fluid or cnoice above about 750 K. This 
leads to a perceived increase in hazard and a real increase in 
fabrication cost. As a result, the main driver for research on 
nigh-teinperature heat pipes rem«xns now, as it was at tne oeginning, 
tne potential application to nuclear reactor power systems for space. 
Tne high-temperature neat pipe was invented to solve a heat transfer 
problem in suen a system and is now a key component m the baseline 
design of the SP-100 space reactor system. 


HEAT PIPES AND SPaCe REACTOR DESIGN CONSIDERATIONS 

The neat pipe nas a number of attributes tnat mane it attractive as a 
space reactor component. Key among tnese are its very high heat 
transport capability in a relatively snup).e r seit-operating system and 
its capability of very nigh temperature operation. The first of these 
permits the design of reactor cores witn many independent coolant 
"loops,” not ail of wmch need be operable. Tnus single-point failure 
mecnamsms can be avoided in tne primary reactor coolant system, ana 
this in turn makes possible the design of a complete reactor power 
system devoid of such failure mechanisms. Tnis characteristic is 
important in promoting t::e nign reliability that will be necessary for 
systems that must run unattended for lifetimes of 5-10 years. 

Tne multiplicity of independent, self-contained coolant loops 
afforded by heat pipes nas other implications for reactor design. For 
instance, it obviates the need for e reactor pressure vessel, ana this 
not only saves some weight but also permits the design of a system 
that can break up easily during reentry from earth orbit. The 
seif-operating nature of the neat pipe not only eliminates tne need 
for valves and pumps or compressors in the primary cooling loop but 
also maxes it possible to nave automatic removal of reactor core 
afterneat if tne reactor is shut down and ail power is lost. 

High-temperature operation is anotner important attribute of tne 
neat pipe because tne design of compact, nign-speciflc-power reactor 
systems requires it. This is a direct consequence or the need to dump 
large quantities of waste neat oy radiation. Tne neat pipe's ability 
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to start up directly from a frozen state precludes any necessity for 
prewanning tne coolant such as is neeaed for 1lquid-raetal-cooied 

systems. 

There is one other attnoute of the heat pipe that j*comes 
particularly important tor direct conversion methods ot transforming 
reactor heat to electricity. This is the very low temperature drop 
tnat exists even at high power levels. Thus all trie heat is delivered 
to the conversion devicep at what is essentially the reactor exit 
temperature, permitting tneir operation at luaximum design efficiency. 
Similarly, in systems where reactor heat is transferred to the 

conversion system by radiation, it is important tnat the radiating 
surface oe essentially isothermal (at the reactor exit temperature), a 
state not acnievaole with gas or liquid-metal cooling because of the 
inevitable temperature drop tnat occurs in circulating single-pnase 
fluid loops performing the tasx. 

SPibCIFIC HEAT PIPE REACTOR SYSTEM CONCEPTS 

Some specific ways n. wmch the heat pipe influences space reactor 
design and tne performance demands tnat such reactors place on the 
neat pipe are shown in Figures 1-4 and Table 1. Figure 1 shows the 
oaseline reactor design tor tne 10U-KW(e) SP-100 space power system. 
Table 1 lists tne performance requirements tnis design places upon the 
ccr^ heat pipes. Figure 2 shows the current SP-100 system, and 
Figures 3 ana 4 show early configurations of 100-kW(e) power systems. 

The reactor in Figure 1 is a beryllium-reflected array of 120 tuel 
modules that can produce a total power of 1,600 kW(t). Each fuel 
module consists of a stack of Mo-13Ke fins and UO- fuel waters, 
built around Mo-l3Re heat pipe with lithium working fluid. The heat 
pipes are of arterial design, ana, with an external diameter of 17.5 
mm, eacn has the capability ot carrying 17.4 kW(t) for long-term 
operation. A design margin of 25 percent gives the limiting value of 
the performance of these pipes of 21.9 kW(tj. The performance 
requirement on eacn neat pipe u Kept constant, despite the usual 
radial drop in fuel power density, oy i; creasing tne amount of fuel 
surrounding tne heat pipes for eacn successive circular row of fuel 
modules. Table 1 shows tne axial and radial power density 
requirements on the core heat piper tor Doth normal operating 
conaitions (13.3 kW(t) per heat pipe) and the contingency case m 
whicn a heat pipe nas failed and the adjacent neat pipes must taxe 
away up to 25 percent of tne heat the failed heat pipe had been 
removing. 

The manner in wnic H the SP-100 system neat pipes deliver reactor 
heat to the thermoelectric conversion system is shown in Figure 2. 

The heat pipes emerge from the core and traverse tne reactor shield 
(making two near-90° bends in the process to prevent neutron 
streaming) and tnen extend anotner 6.7 m to form a cylindrical array 
that radiates at 1495 K to thermoelectric panels that surround the 
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TABLE 1 SP-10U heat. Pipe Operational Requirements 


Temperature (K) 

1500 


Axial power density lkW/cm^) 

Normal operation 

Or 

• 

O 


Contingency operation* 

10.5 


Maximum radial power 
density (W/cin) 

Evaporator 

10 b 


Condenser 

6.5 


Lifetime 

7 yr in normal mode, 0.98 

reliaDility 


7 yr in contingency mode, 
reliability 

0.96 


^17.4 kW per neat pipe for a 120-heat-pipe, l,600-kW(t) reactor. 


heat pipe bank. ’Aaste neat in this configuration is raaiated directly 
from the outer surface^ of the thermoelectric panels. 

Figure 3 shows a different type of heat pipe reactor power system, 
with Brayton-cycle conversion. One of tne distinguishing features of 
tne design is that tne neat pipe array supplies heat to two 
independent Brayton loops, tnus achieving a twofold redundancy. For 
this design, tne factor limiting tne amount of redundancy was the 
increase in total mass of the conversion units when many 
small-capacity unx:s are used in place of higher-capacity ones. 

The use of heat pipes to achieve redundancy in a large, 
lightweight, nign-teraperature radiator for disposing of waste heat 
from tne power conversion units is shown in Figure 4. This system was 
a forerunner of the SP-100 and used potassium/titanium heat pipes to 
remove the neat from compact thermoelectric conversion uKxiules. An 
expanded viev of a radiator panel is shown in Figure 5. 


HIGH-TEMPERATURE HEAT 1IP£ PERFORMANCE 

The performance requirements for tne SP-iOO reactor core heat pipes 
given in TaDle 1 are demanding. That tney are nevertheless realistic 
has been demonstrated by analyses tnat have been performed with the 
computer cone HTPIPE and substantiated by experiment. 

HTPIPE is an analytical model of heat pipe operation based on 
Cotter's (1965) pioneering work on the engineering theory of the neat 
pipe. Tne flow regimes treated by this model are illustrated in 
Figure b. The code integrates the flow with mass addition regime of 
tne evaporator witn the transition vapor flow behavior of the 
adiaoatic regime and mass depletion flow of the jonoenser. Inertial 
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recovery effects caused by deceleration of vapor in the condenser are 
included. The modeling of the return liquid flow includes viscous 
losses in the arterial passages and also any losses that may occur in 
aistrioution wicks. The model predicts performance curves of the 
general snape shown in figure 7. The sonic limit occurs when the 
vapor velocity at tne entrance to the condenser reaches sonic 
velocity. WiCKing limits occur when the forces required to drive the 
fluid down the pipe as vapor and back througn the wick as fluid exceed 
the available capillary force in the evaporator. For liquid-metal 
heat pipes witn compound wicks, tne liquid pressure drop limit is 

rarely a factor. Tne boiling limit has been observed in 
high-temperature sodium heat pipes, out is much less important ror 
lithium neat pipes operating in the temperature range of the SP-10U 
reactor design. 

The general capabilities of HTPIPE are summarized in Table 2. Its 
predictive capability nas been oencnmarked against many experimental 
observations. An example is snown in Figure 8 for a 2-m-long sodium 
heat pipe. In general, it is wall-friction factors tnat have been 
refined in the benchmarking process. 

The HTPIPE code has been very useful in making design decisions for 
the SP-100 reactor. An example is tne comparative merits of sodium 
and lithium working fluids as a function of temperature. Such a 
comparison is shown in Figure 9 for a 2-m-long, annular nrtery heat 
pipe having a 14.1-mra inside diameter. The annular artery 
conriguration is illustrated in Figure 10, along with the butterfly 
artery ana segmented annulus wick configurations. It can be seen in 
Figure 9 that for temperatures below 1500 K tne low vapor pressure or 
lithium causes its performance capability to be less than that of 
sodium. Increasing tne temperature above this value snows tnat very 
impressive amounts of heat can be made to flow down a channel that is 
only 1.6 cm^ in area. 

A program of neat pipe fabrication development and performance 
testing is being carried out at the Los Alamos National Laboratory to 
verity tnat neat pi^°s with the hign-performance capability predicted 
by HTPIPE can be built. A recent test of a 2-m-long lithium heat pipe 
witn a butterfly artery wick configuration (shown in Figure 10) was 
conducted at a heat transport rate of 15 kW at a temperature of 1500 K 
tor 100 hours. Tne test point is snown in relation to \he predicted 
performance curve in Figure 11. This performance value is displayed 
with those of earlier 2-m-long litnium heat pipes in Figure 12 in 
comparison with axial neat flux performance values required for the 
SP-1C0 reactor core neat pipes. The latter are, however, 8 m long. 

Limitations of the radial neat flux that can be brought in through 
the neat pipe wall result primarily from the boiling or working fluid 
in the wick. This limitation, though important for sodium, is not 
expected for litnium. This expectation is confirmed in Figure 13, 
whicn shows that several lithium heat pipes have comfortably exceeded 
the radial flux values required m tne SP-xOO reactor core. A heat 
pipe constructed for regulating tne temperature of a fuel irradiation 
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TABLE 2 hTPIPE Program analysis Capabilities 


Prediction of h«*at pipe performance limits 
Sonic limit 
Wicking limit 
Entrainment limit 

rtoael features 

Two-dimensional laminar flow in heat pipe evaporator 
One-dimensional compressible flow witn friction in adiabatic section 
Analysis of various artery geometries 
Wickless gravity assist 
Circular arter*’ 

Grooved wall artery 
Helical gutter artery 
Homogeneous wicx 
Screened tube 

Effect of oends on wall-friction factor considered 


capsuie (labeled "EBR-IJ. Test Heat Pipe" in Figure 13) has exceeded 
tne contingency operation value for radial heat tlux by a factor of 3. 

The SP—100 design calls for lithium heat pipes that are b m in 
length. A program to fabricate prototype units of these heat pipes is 
currently under way. In one case, the capillary pore diameter of the 
pumping wick 1e ^0 ra and the heat pipe diameter is 15.9 mm. In the 
other case, the diameter is relaxed to 17.5 mm—at the cost of some 
increase in the SP-100 system mass—and the capillary oore diameter is 
45 m, easily attainable with a 400 mesh molybdenum-rhenium screen 
tnat has recently become available. Both can meet the long-term 
contingency operating capability with a 1.20 design margin. However, 
the larger diameter is favored because its required operating regime 
1s farther from tne sonic limit curve, and nence the temperature drop 
down the length of the pipe for its design operating condition is 
less. Tnis effect is shown in Figure 15, where temperature drop for 
an 8-m-long heat pipe carrying 15 kW at an evaporator exit temperature 
of 1500 K is plotted as a function of outside neat pipe diameter. A 
constant effective heat pipe wall and wick thickness of 1.15 mm is 
assumed in this calculation. 

Althougn the SP-100 design requires heat pipes only for primary 
transport of reactor neat, earlier reactor system designs required 
lower temperature neat pipes to form the waste heat raaiator surface, 
as shown in Figures 4 and 5. Experimental investigations of 
titanium/potassium heat pipes for this application include testing of 
a 5.5-m-long dual-artery unit at the projected operating temperature 
of 770 K and also under conditions of fractional capacity operation. 
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Figure 16 snows the temperature profiles obtained. Of particular 
interest are tne observations that start-up of such a long neat pipe 
with solid potassium in the wick presented no difficulties and 
operation at fractional power with as little as half the heat pipe 
operating—ano the otner half with frozen working fluid—was stable. 


HEAT PIPE LIFETIME 

The heat pipe analytical ana experimental work uone to date nas 
establisned a very nign degree of confidence in meeting tne SP-iOU 
core heat pipe performance requirements. Demonstrating this for an 
tt-m-long neac pipe is a near-term goal of the SP-100 program. The 
other main question about the core heat pipes concerns their benavior 
over multiyear operating times. Program emphasis is now shifting to 
demonstrating suen lifetime capability at full operating power. 

Earlier testing oy a number of research groups has shown that very 
long operating lifetimes are attainable. It has also revealed design 
weaknesses that must be avoided. Table 3 lists long-term test results 
for lithium heat pipes fabricated from a variety of materials. 
Lifetimes of 10,000 hours were obtained ror TZM neat pipes, but in 
each of three cases, failure occurred as a result of the cracking of 
end cap welds. Thus weld design and weid quality are of great 
importance, particularly for materials lixe TZM and high-purity 
molybdenum, for which even electron-beam welds are brittle. The 
W-26Re test ran without incident for 10,000 hours. 

The longest litnium heat pipe lifetime aemonstratea to date was 
achieved with a short unit fabricated from low-carbon, arc-case (uCAC) 
molybdenum that operated for 25,400 hours at 1700 K with a heat 
transport rate of approximately 1 kW. The wall of this neat pipe 
experienced extensive grain growth, to tne poxnt that the grain 
diameter became several times the 1-mm wall thickness. The unit 
failed when lithium leaked from several holes in the evaporator, not 
long after tne unit had been placed in a lathe for remachining of a 
support stem. 

The tests listed in Table 3 all operated at 200-375 K nigher than 
the normal operating temperature of the SP-100 reactor core heat 
pipes. Thus tne test results are felt to be very encouraging in terms 

of projecting longevity for operation at 1500 K, particularly if weld 
eraorittlement can be avoided and wall material grain growth Kept 
within bounds. 


MATERIAL ENVIRONMENT CONSIDERATIONS 

The selection of materials from wnicn to fabricate the SP-100 reactor 
core heat pipes is severely limited oy three requirements. Tne first 
is chemical compatibility witn the working fluid and reactor fuel. 
Another is creep strength at i50Q K, and the third is ductility at 
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TABLE 3 Lithium heat Pipe Life Teat Lata 


Material 

Temperature 

IK) 

Operation 

Time 

in) 

Reference 

Remarxs 

W-l 6rie 

1875 

10,000 

Busse (1971) 


TZM 

1775 

10,526 

Kouxlove (1868) 

Meld crack mg 

TZM 

1775 

10,400 

Eastman (1969) 

Weld cracking 

TZrt 

1775 

b,b00 

Eastman (i9t>9) 

weld cracking 

Nb-lZr 

1775 

9,000 

Busse (1966) 


Mo(LC aC) 

1700 

25,400 


Large-grain 

formation 


iauncn temperatures, wnicn couia conceivably be as low as 200 K tor 
boost of a space power supply from low-level to nigh-level eartn 
orbit. The strength requirement effectively excludes all out 
refractory metals from consideration. It also excludes niobium from 
the group of potential refractory metais. Tantalum, and niobium as 
well, tend to take oxygen from UO^ fuel, potentially resulting in 
free uranium formation. The selection, then, is limited to tungsten, 
rhenium, and molybdenum or alloys tnereof. Because tungsten and 
rhenium nave nigh densities and are difticult to work (rhenium because 
it work-naroens so readily), and because tungsten nas a high 
ductile-brittle transition temperature and rhenium is expensive, 
neither material Dy itself appears suitable. This leaves moiyudenum 
or molybdenum-base alloys as tne best materials for core heat pipe 
fabrication. Tne material of choice is an alloy of molybdenum and 
rhenium containing 13 percent oy weignt of the latter. This alloy is 
ductile at temperatures well Delow 200 K and at this temperature snows 
e* ilent weld ductility. 

Because the evaporators of the BP-100 heat pipes form part of the 
reactor core, tne materials questions become considerably intensified 
owing to the effect of the reactor environment The proximity of 
UO z fuel and litnium working fluid is illustrated by the fuel mouuie 
shown in Figure 17. Part of the UO^ abuts the neat pipe Wdil, which 
is 0.75 rnra thick. The inner wall of the neat pipe is, of course, 
saturated with lithium. Direct contact will also occur between the 

UO 2 and the Mo-URe fins. During normal operation, the tin 
temperature will oe 1510 K adjacent to the heat pipe and as hign as 
1730 K in the module corners. These values, as well as other fuel 
conditions, are listed in Table 4. 

An example of the etfect of reactor environment is the diffusion oi 
oxygen tnrougn the heat pipe wall. This is an important consideration 
because lithium metal will take oxygen away from even stoicniometr ic 
UO 2 . During the SP-100 reactor lifetime of 7 years, about 3.5 
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TABLE 4 Fuel Conditions tor l,6U0-kW SP-100 Reactor 


Fin tMperature range 
Normal operation 
Failed interior heat pipe 
Transient pea* 

Ui >2 tile miapiane temperature 
Total burnup (7 yr) 

Average 

Maximum 

Fission rate 
Average 


1510-1730 K 
1530-2150 K 

2330 K ( 24 h) 

Add 30 K to fin temperature 

8 x 10^ fis/cm^, 3.5% U atoms 
1 x 1021 ris/cm^, 4 . 0 % U 
atoms 

3.6 x 10^2 fis/cm^ (il5 
W/cm^) 


percent of tne uranium atoms are fissioned, and because tne fission 
products are less oxidizable tnan uranium, tne UO 2 oecomes somewhat 
nyperstoicniometnc. Tms results in a freer supply of oxygen to 
difruse to tne litnium so that if the diffusion rate in Mo-i3Re 
were too nigh, sufficient L 1 O 2 couiu _orm in the neat pipe to hinder 
its operation by blocking tne flow passages in the wick with a 
nonvolatile liquid, decreasing the wettaoility of the wick structure, 
or decreasing the surface tension of the lithium. (A preliminary 
experiment to estimate tne magnitude of the UO 2 diffusion 
coefficient in Mo-4Re and molybdenum has indicated tnat it is 
sufficiently low to prevent serious lifetime-limiting effects, out 
must oe confirmed by more rigorous experimentation and testing.) 

Other effects of the reactor environment include stresses caused by 
fuel swelling, the effect of such stresses on grain growth, and the 
effect of grain growth on heat pipe wall integrity. Fast-neutron-flux 
effects on grain growth and creep strength may be important. A small 
amount of nydrogen ana helium generation, primarily from neutron 
capture oy the 7 li working fluid, will occur in tne heat pipes, 
potentially modifying their behavior, and fission products aenerated 
in the UO 2 may interact with the r^o-13Re fin and heat pipe wail 
material. 


RESEARCH REQUIREMENTS 

At the present stage of high-temperature heat pipe development, it is 
safe to assume that tne probability is very good that litnium heat 
pipes meeting the requirements of the SP-100 reactor design, including 
the lifetime requirement, can be built. The goal of the core heat 
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pipe development program over tne next tew years is to prove that tnis 
is tne case tnrougn an extensive rabrication ana testirg effort 
closely supported by corollary experimentation ana analysis. Specinc 
areas wnere researcn is neeoed are analytical Modeling of the neat 
pipe, characterization of neat pipe envelope materials, interactions 
of oxygen ana fission proaucts with heat pipe materials, and 
dennition or impurity effects on neat pipe operation. 


Analytical Modeling 

The neat pipe code HTPIPE is aoie to preaict steady state neat pipe 
performance for a tnree-region neat pipe (evaporator, adiaoatic 
section, and condenser) wnere the axial dependence of tne evaporator 
neat input and condenser neat outflow is constant. The code does not 
predict kinetic eifects such as start-up oenavior or tne effects of 
power changes. It also is not able to predict the curves snown in 
Figure 16 wnere the neat pipe is operating over omy a fraction of its 
length. These are two areas where tne analytical code needs further 
development. 

More Dasic work tnat is needed involves two-dimensional modeling of 
the vapor dynamics in ail tnree regions of the neat pipe, includirg 
radial transfer of energy, flow profiles, and effects leading to 
transition from laminar to turoulent flow conditions, particularly in 
the auiaoatic region. A better understanding or tne energy exchange 
at vapor-liquid interfaces would also be valuable. 

Tnermocnemical modeling nas oeen initiated in tne neat pipe 
development activities at Los Alamos, but this work needs to De 
expanJed and coupled to kinetic theory to study solubility Kinetics 
and material transport mechanisms to determine now tnese mechanisms 
are influenced Dy the presence of impurities, and a^so to investigate 
tne effect of impurities on neat pipe performance. Performance 
effects can occur because of changes in the interfacial wetting forces 
caused by oxide layer formation and changes in tne surface tension of 
tne working fluid because of dissolved impurities. Otner potential 
effects on performance include Dlugging of the wick flow channels, 
increase of capillary pumping pore size oy erosion/corrosion effects, 
noncondensible gas generation, ana tne formation and accumulation of 
low-voiat 1 Lity rluid (suen as litnium suooxides). Axso very important 
in the analysis or impurity effects is the understanding of tne 
gettermg oenavior or materials put in tne heat pipe to immobilize 
impurities. 


heat Pipe Periormance experiments 

Experimental investigation of high-temperature heat pipes has been 
hampered oy the difficulty of making measurements otner tnan heat 
transport and t« mperature profiles. These suffice for many purposes 
but are not sufficient for investigating impurity effects, start-up 
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effects, material migration, end sucn straightforward things es tne 
locetion of excess wonting fluid toe venous operating conditions, 
fcftdioective tracer* combined witn gamma scanning techniques hi#e oeen 
proposed for measuring setenei migration rates, end currently neutron 
sensing of *Li is being studied tor measuring working tiuia 
distribution. 

Observations of impurity movement end determination or tne specific 
mechanisms oy which tnese materials limit heat pipe performance ere 
very nghtiy studied areas. When nign-temperature h'jat pipes are 
taken to a limit, a rather wide range or oehavior is observed. Tne 
boning limit effect is dramatic and easily identified because tne 

entire evaporator begins to neat up rapidly when tms limit is 
reached, but for otner "ianures," tne ooserveu etLect is often no 
more than the appearance of a not spot in the evaporator wall. A 
strict mecnanistic interpretation ot tne nature or tnese "not spots,” 
now tney are formed, why they torn in a variety ot locations, and how 
they grow with increasing net . input 01 witn time at constant neat 
input, does not exist. A program of research to understand tneir 
causes and behavior could provide o valuable contribution to tne 
understanding ot tne more subtle aspects of h»at pipe oenavior. 


Materials Investigation 

because the pnysicai ana mechanical properties data Dase of the 
material selected for tne neat pipe Wdii and wick ul tne 6 P- 1 OO 
reactor core neat pipes, Mo-13xe, is small, a considerable amount of 
work must oe done to cnaractenze tnis material more ruiiy. Tne 
needed work includes measurements of nign-temperature strengtn, 
including long-term creep, as well as measurements or row-temperature 
ductility. The latter needs to oe done for wrought material and 
recrystailized material, with particular attention to weld ductility 
at low temperature. The effect of impurities on tne properties or the 
material also needs to be studied in order that realistic purity 
specifications can be established to obtaining tne material in large 
quantities. measurements even ot 01 inary properties lute thermal 
expansion coefficients, thermal conductivity, ana specific neat 
measurements must be extended over tne entire range ot projected 
operation 01 tne material. Grain growtn as a function or temperature 
and stress is another important phenomenon requiring study. 

As indicated earlier, tne understanding of oxygen diffusion in tne 
heat pipe wall is very important. Hence careful measurements of 
oxygen diffusion coefficients ana solubility in Mo-i3Re must be made 
anu the effects ot impurities on cnese quantities determined. 

Diffusion of specific fission product species sucn as iodine should 
also be studied to see if any problems mignt arise from this source. 

Studies or tne effects of neutron irradiation and fission fragment 
implantation on tne properties of tne heat pipe wall and fin module 
will require irradiation testing. A program ot sucn testing has been 
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initiated to investigate nuclear fuel behavior in the SP-100 fuel 
nodule geometry. These tests will use the same materials selected for 
the SP-lUO reactor ard will actually feature temperature control by 
neans of a gae-filied lithium heat pipe. Hence they will yield 
important information on the effects of the reactor environment on 
neat pipe operation# including fission product and oxygen diffusion# 
neutron damage effects# and grain growth under irradiation and stress 
conditions. 

Tne materials research activities outlined aoove nave oeen 
described in terms of one alloy, Mo-13Re# because sufficient data are 
available on this material to justify it as tne prime cnoice for the 
SP-100 reactor fuel modules. However# it is important that 
alternative materials be available# and nence research of similar 
nature should proceed on tungsten# molybdenum# and rhenium ternary 
alloys as well as tungsten-rhenium binary alloys and possibly others. 

SUMMARY 

Tne intent of this paper has been to show nrst of all that some very 
impressive performance and lo.ig lifetimes have been obtained in 
developing nigh-temperature heat pipes ror application to space 
nuclear reactor power systems in general and specifically to the 
SP-1QU nuclear reactor power system. The high-temperature heat pipes 
constitute extremely promising technology for the building of new 
space reactor systems. \t the same time, it must be recognized that 
extensive testing and supporting researcn need to be done to prove 
that high-temperature heat pipes can operate at high power# with high 
reliability# for lifetimes exceeding 7 years. Such a program is now 
getting under way with a goal of developing prototypical units with 
demonstrated long-lifetime capability within 4 years and proving that 
the required reliability exists within another 2. The latter program 
will use Bayesian testing methods to establish reliability rather than 
relying on purely statistical test methods. 
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FIGURE 2 View of the SP-100 nuclear reactor s^ace power pystem 
showing reactor core heat pipes traversing the shield and forming a 
truncated conical configuration that radiates reactor neat to an 
encompassing array of thermoelectric converter panels* Reject heat is 
radiated to space from the cuter surface of this array. 


FIGURE 3 Brayton-cycle conversion systen tied to heat pipe reactor. 
This design features a two fold redundancy made Dossible by a dual 
heat exchanger that supplies heat from the reactor heat pipe bank to 
two completely independent conversion units. 
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FIGURE 5 Radiator panel component of the space power system shown in 
Figure 4, Titanium/potassium heat pipes, 5.5 m in length, are 
connected in a redundant manner to compact thermoelectric conversion 
modules. 
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HEAT FLUX LIMITS 
(1-2) - SONIC 
(2-3) - KICKING 

(VAPOR DOMINATED) 
(3-4) - KICKING 

(LIQUID DOMINATED) 
(4*5) - BOILING 


TEMPERATURE 


FIGURE 7 Phenomena limiting heat pipe performance. For lithium heat 
pipes the liquid-dominated wicking limit and the boiling limit are 
rarely a factor. 



Evaporator Exit Temperature/ K 


FIGURE 8 Example of benchmark experiment verifying the 
performance-predictive capability of HTPIPE. The solid lines are 
calculated for sodium in an annular wick with a capillary pore 
diameter of 24 The vapor space diameter is 14.1 ram, and the 

evaporator, adiabatic, and condenser sections are each 0.60 ra long 
Turbulent flow in the adiabatic section is assumed. 




1100 1200 1300 1400 1500 1600 1700 1800 

EVAPORATOR EXIT TEMPERATURE (K) 


FIGURE 9 Comparison of heat pipe performance of lithium and sodium 
working fluidp for an annular wick pipe with 14.1-mm inside diameter 
33 -mb capillary pore diameter, two 900 bends with 0.2-m radius and 
evaporator, adiabatic, and condenser section lengths of 0.30, i.03, 
and 0.6 m, respectively. 




ARTERY 


FIGURE 10 Composite wick 
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FIGURE 11 Predicted performance of SPAR-6 butterfly artery test heat 
pipe showing relation of 100-hour operating point to performance 
limits. SPAR-6 is a lithium heat pipe with an outside diameter of 
15.9 mm, 45-Mm capillary pore diameter, and evaporator, adiabatic, and 
condenser region lengths of 0.3, 1.03, and 0.6 m, respectively. 
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FIGURE 12 Axial heat flux achieved by several 2-m-long lithium heat 
pipes compared t.o the normal and contin 3 ency operating requirements 
for the 8-m SP--100 reactor heat pipes. 
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F T GURE 14 Performance predictions for 8-ro-long heat pipes. Curve a 
is for 15.9-rara-diameter units with 30-um capillary pore diameter, and 
curve b i3 for 17.5-ram-diameter heat pipes with 45-Mm capillary pwe 
diameter. Normal and contingency operating points are shown for the 
SP-100 reactor system design. 
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FIGURE 1/ Fuel module configuration for the SP-100 baseline reactor 

design. The UO 2 fuel wafers are tightly sandwiched between ho-L3Re 
fins that are attached to the central lithium heat pipe, ^e^duse the 

heat flow is radially inward, thi corners of the fuel v. if-;. will De 
at the highest temperature- -approximately 1700 K for n<>_ 1 operation 
















refractory metals for nuclear space power and propulsion 
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INTRODUCTION 

During a 20-year period, from 1954 to 1974, a massive effort was 
organized and guided by Depa^ment of Defense (DOD) , the National 
Aeronautics and Space Administration (NASA), and the Atomic Energy 
Commission*(AEC) to develop a refractory metals and alloy industry 
that could support materials needs for the rapidly developing nuclear 
and aerospace industries. These materials, which are based on the 
elements columbium (CD), tantalum (Ta), rojlybdenum (Mo), and tungsten 
(W), are characterized by high melting points (refractoriness) and the 
retention of high strength at temperatures from 900° to 1799°C. 
Comparative properties are summarized in Table 1 (Perkins, 1961)• 
Refractory metals have been used since tne early 1900s for 
specialty applications in chemical process and electronic industries, 
but it is only in the last 20 years that high-strength alloys have 
been produced as a full line of mill products on a tonnage basis. At 
tne peak of this era, 11 major producers were manufacturing over 20 
different alloys as bar, rod, plate, sneet, foil, tube, and wire 
(Tietz and Perxins, 1964) . Hign-quality mill products were extruded, 
forged, rolled, and drawn routinely, with sheet sizes up to 40 in. 
wide by 120 in. long for some alloys of Cr and Ta. The spectrum and 
quality of products were comparable to those of stainless steels and 
superalloys. Much of this can be attributed to a major effort 
initiated by the Bureau of Naval Weapons and ultimately supported by 
DOD, the Air Force Materials Laboratory (AFML), NASA, and AeC to 
develop large-scale-production capabilities and practices for the 
manufacture of Mo, W, Cb, and Ta alloy sheet (Materials Advisory Board 
(MAB), 1966). Other programs were conducted in virtually all areas of 
consolidation and fabrication, including melting, extrusion, forging, 
rolling, and tube drawing and foil rolling. Advanced facilities were 
constructed, including fully integrated processing plants and an inert 
fabrication plant (Infab) in which refractory metals could be forged 
and rolled to 24-in.-wide sheet in an argon atmosphere to reduce 
surface contamination with oxygen and nitrogen (MAB, 1966). 
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TABLE 1 Properties of Refractory Metal Sheet Alloys 
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During the same time period (1954-1974), a very large supporting 
technology base tor research, development, testing, and evaluation of 
retractory metal alloyi was established in both industry and 
government laboratories. New alloys with improved strength and 
ductility were designed, tested, and qualified for use. The total 
scope of this effort was never estimated, but it was vast by any basis 
of measurement. As one example, NASA-Lewis Research Center (NASA-LRC) 
alone, from 1963 to 1974, contracted over $18 million in RfcD to 
develop and evaluate alloys of Ho, W, Ta, Cb, and Cr (Klopp, 1974)• 

The total professional staff at NASA-LRC ranged from 21 to 32 
full-time investigators in tne field of metallurgy and corrosion of 
refractory metals. A total of 2x5 staff and contractor reports on 
refractory metals were prepared under this program as indicated below* 


Subject No. Reports 


W, Mo alloys 39 

Cr alloys 24 

Cb, Ta alloys 25 

Surface coatinqs 20 

Liquid-metai corrosion 33 

Nuclear technolo^v 66 

Porous ionizer 8 


215 

A summary of corresponding efforts by other NASA, DOD, and ABC 
laboratories during this period is not available (to the author's 
knowledge)• 

By the early 1970s, a superb tecnnical base for supporting a major 
use of refractory metals in nuclear and aerospace applications had 
been established. Unique test facilities required to obtain data on 
materials properties under controlled environmental conditions, 
including ultrahign vacuum (10“9 Tore), were constructed, and a 
large staff of trained personnel was active throughout the country in 
developing needed engineering design data. One unique nigh- 
temperature test facility at TRW Cleveland had 18 test stands with 
10"^ Torr vacuum capability for controlled environment creep tests 
(Kiopp, 1974). NASA-LRC had a fully integrated facility for melting, 
fabrication, and controlled environmental testing of refractory 
alloys. Other government laboratories of NASA, as well as the Air 
Force, Array, Navy, and AJb£ and industrial laboratories of both 
producers and users, had extensive research, development, and testing 
facilities. Vast quantities of data on alloy properties and behavior 
were being generated. 

Two decisions in the early 1970s drastically altered the refractory 
metals industry and supporting tecnnology base. Work on nuclear space 
power systems was terminated in January 1973 for an indefinite 
period. At about the same time, reusable surface insulation (RSI) was 
selected over coated refractory metals as the basic thermal protection 
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system for the Space Shuttle. Tne only continuing work was on the use 
of refractory metals in missile and spacecraft propulsion systems, jet 
engines, and a variety of industrial applications. This drastically 
curtailed activities at all levels of production, RfcD, and 
testing/evaluation in both industry and government facilities. At 
NASA-LRC, for example, the professional staff specializing in 
metallurgy and corrosion of refractory metals dropped from 16 in 1972 
to 1 in 1974, and the budget for refractory metal R6D decreased from 
$1.3 million in 1972 to zero in 1972 (Klopp, 1974). Similar decreases 
occurred throughout the industry. 

In the intervening period since tnen, major, changes «.'nd adjustments 
have occurred in the industry. Four of the major producers (Dupont, 
Universal-Cyclops, Stauffer Metals, and Westinghouse) ceased 
operations with refractory metals and either dismantled facilities or 
committed them to other uses. Production was curtailed by the 
remaining seven and was limited to the manufacture of those materials 
being used for ongoing applications in missile and spacecraft 
propulsion, nuclear programs, and commercial uses by the chemical and 
electronics industries. Much of tne production equipment was 
dedicated to other uses or sold as the industry readjusted to a 
reduced volume market. 

Ot greater importance to the overall industry was the near-total 
collapse of the supporting technology base. Laboratories were closed, 
and equipment was dismantled and often sold. For example, the 18 
high-vacuum creep test stands for environmental testing were returned 
to NASA. They were sold or donated, and their current status is 
unknown. Technical personnel were reassigned or took other jobs in 
different areas in nearly all industry and government laboratories 
that were involved in R6D or testing and evaluation of refractory 
metals. Much of the work that had been started was left unfinished. 
Data that had been gathered were filea away in numerous internal and 
government reports. 

In 1974, a NASA study was unable to identify any near-term missions 
that would require refractory metals technology beyond the then state 
of the art (Siegel, 1974)• This situation has remained largely 
unchanged until present. Now, advanced, compact nuclear systems are 
being reconsidered as portable thermal and electrical power sources 
for possible aerospace propulsion or other use3. Such systems will 
require the extensive use of refractory metals, some of which may be 
state of the art and some of which may be advanced materials. This 
paper reviews the current state of the art of refractory metal 
technology and assesses the problems that may be encountered in 
supporting a new technology in advanced space power systems. Critical 
problem areas that may need to be solved for adequate materials 
support are identified. 
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INDUSTRY STATUS 
Alloy Production 

Tne major producers of high-purity-vacuum (low interstitial) arc- or 
electron-beam-meited (EB-melted) refractory metals and alloys and the 
mill products currently in production are listed in Tables 2 and 3. 
Tungsten and its producers are not listed since it is no longer 
manufactured via an arc-melting route. All current commercial 
production of tungsten is by powder metal processes. It should be 
noted that all of the alloys listed in Table 3 also can be produced 
via a powder metal route and several suppliers of Ho, Cb, and Ta 
alloys as either powder metal or vacuum-melted and wrought materials. 

Alloys for nuclear power applications involving lithium or 
potassium heat exchange media were produced in the past as high-purity 
arc- or EB-melted materials. High oxygen contents associated with 
powder metal products contaminated coolants and accelerated 
corrosion. Problems with producing ductile, crack- and pore-free 
welds with powder-metal-processec alloys were also encountered. In 
recent years, there has been a trend in the industry toward greater 
use of powder metal consolidation, particularly for the manufacture of 
near net shapes for cost reduction. The quality of powder metal 
Cb-base alloys nas been improved significantly, and oxygen contents 
are now within tne specification range for EB-melted and wrought 
alloys. Mechanical properties of powder metal and EB-melted wrought 
alloys also are comparable, and weldability appears to be good 
(Wadsworth et al., 1982a). These materials have not been evaluated 
for nuclear power plant use, however, and would have to be qualified 
before any large-scale use could be considered. Powaer metallurgy Mo 
products in general are similar to those produced for the past 30 
years. These alloys tend to present more problems with brittle 
fracture than arc-cast alloys, and the latter are still preferred for 
structural applications in aerospace systems. AMAX produces two 
grades of arc-cast unalloyed Mo: low carbon (less than 50 ppm) and 
normal carbon (more than 50 ppm)• The low-carbon grade presents the 
least problems with brittle fracture and is preferred for aerospace 
structural applications. 

The alloys listed in Table 2 are those currently manufactured on a 
routine, continuing basis for both aerospace and commercial 
applications. They are produced as a full range of mill products, 
although activities in tubular products are largely limited to a few 
Cb- and Ta-base alloys. Ho and T2M tubing are not being produced on a 
continuing basis but are available from several tube mills as 

specialty products. The standard sheet product for all materials 
currently is 24-in. x 46-in. maximum. The industry does produce some 
wider sheet at present but would need to use steel mill equipment for 
processing if wider products were needed on a large-scale basis. 

Of the above alloys, only the unalloyed metals, TZM-Mo, Cb-iZr, and 
the Ta-base alloys are maintained in open but limited stock. All 
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TABLE 2 Major Producers 


Major Producers 

Primary Mill 
Products 

j'MAX Specialty Metals Co., Parsippany, N.J. 

Wih Chang Corp., Albany, Or eg. 

Fansteel Metals, North Chicago, Ill. 

KBI Division Cabott Corp., Foyertown, Pa. 

National Research Corp., Boscon, Mass. 

Mo alloys 

Cb, Ta alloys 
Cb, Ta alloys 
Lb, Ta alloys 
Cb, Ta alloys 


TABLE 3 Major Refractory Metal Mill Products 

Alloy* 

Bar 

Plate 

Sneet 

Tut e 

Hire 


X 

X 

X 


X 

TiM-Mo 

X 

X 

X 


X 

Mo-3ON 

X 

X 

X 



CD 

X 

X 

X 

X 

X 

CD-iZR 

X 

/ 

X 

X 

X 

Cb-lOHf (CIO3) 

X 

X 

X 

X 


Cb-10W-2.5Zr (Cb 752) 

X 

X 

X 



Cb-30Ht-9W 

X 

X 

X 



Cb-33Ta-lZr (F585) 

X 

X 

X 



CD-oOTa 

X 

X 

X 



Ta 

X 

X 

X 

X 

X 

T&-2-1/2W 

X 

X 

X 

X 

X 

Ta-10W 

X 

X 

X 

X 

X 

Ta-8W-2Hf (T-lil) 

X 

X 

X 

X 

X 


*Arc- or EB-melted metal and alloy products. 


other materials are produced on a batch basis as ordered and are not 
inventoried. Production of an alloy order can cake as much as 16-20 
weeks, depending on the product required aitf the level of activity in 
the industry. Tubing has the longest lead time. 

The only alloys currently in production that are basic to nuclear 
uses and are fully qualified for use in nuclear power systems are 
Cb-lZr and T-lll. The Ta-base alloys that would be required for 
advanced nuclear power systems (T-lll, ASTAR 811-2) are currently not 
being manufactured by most producers. T-lll is being made by National 
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Research Corporation on a routine production basis as a complete line 
of mill products, including welded tube. However, these alloys could 
be manufactured by all the major producers it needed, ana a full 
capability for their production exists. In addition, Westinghouse, 
the developer and former manufacturer of T-lll, has an integrated 
production facility in Ogden, Utah, that could be made available if 
needed to supply nuclear-grade Ta alloys The plant currently 
produces zironium alloys but is capaole of producing Ta alloys if 
needed. All producers expressed an interest and desire to supply the 
needs of any possible new applications by manufacturing virtually any 
of 30 different former commercial alloys. Producers are very 
receptive to toll production of new materials at the present time. 

The refractory metal industry appears to be fully capable of 
supporting any major use of the three basic alloys that are likely to 
be needed for advanced space power systems: Cb-lZr, T-lll, and ASTAR 
811-C. Melting and faorication capacity for Mo, Cb, and Ta alloys is 
adequate, and supplies of raw materials are ample. Columbium, for 
example, is in a state of high excess capacity at present. The demand 
for mill products is down 30-45 percent from 1981, and there is an 
estimated excess production capacity of 5 million lb/yr (Marsh, 

1982)• The situation with tantalum is similar. Whereas a severe 
shortage existed a year ago, current demand for nearly all products is 
down, up to 50 percent in some cases. The production in 1982 will be 
940,000 lb compared to l,700,vo9 lb in 1980. Supply greatly exceeded 
demand, and prices are down, tantalum powder, which was at a peak of 
$214/lb, is now available for $108/lb. Similar price reductions exist 
for Cb alloys, with Cb-lZr redraw tune down from $118/lb last year to 
$72/lb today (Marsh, 1982). 

The only major problem in tne industry that could affect nuclear 
space power systems is related to the manufacture of very high 
strength alloys and to the production of seamless tubing, particularly 
Mo and Mo alloy tubing. The available extrusion capacity for large 
presses is limited to about 1500° f maximum billet temperature. 

This is adequate for low- to moderate-strengtn alloys but would be 
inadequate for higner strength materials. High-carbon Mo and W alloys 
such as TZC, WZC, Mo-Hf-C, and W-Hf-C are normally extruded from 
2600° to 4000°F. The hiyh-strength Mo-Hf-C alloys, for example, 
are extruded from 3500°F. Special heating equipment would have to 
be installed to process these materials on available presses. The 
largest extrusion press currently in use for Mo, Ta, ana Cb alloy 
production is the 5,500-ton press operated by AMAX at Coldwater, 
Michigan. 

Manufacture of seamless tubing is a unique problem that would need 
to be solved for nearly all materials except unalloyed Cb and Cb-lZr. 
Tube production capability for refractory metals is limited and is 
particularly inadequate for Mo-base alloys. Large press and draw 
equipment must be built for efficient production of high-quality tube, 
and suitable tube drawing practices must be developed. AMAX estimates 
a 2- to 3-year lead time to develop suitable equipment and practices 
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to support large-scale use of Mo and 'ts alloys as tubular products in 
space power systems (Burman, 1982). 


Testing and Evaluation 

Refractory metals and alloys must be tested and evaluated under the 
unique environmental conditions that eitner duplicate or simulate the 
operating environment for a given application. This is particularly 
true for long-time high-temperature exposure such as creep or 
liquid-metal corrosion tests. The effect of atmosphere on creep 
behavior is illustrated in Figure 1. Creep tests in a diffusion- 
pumped vacuum chamber (about 10“ 5 xorr) give 2-3 times the creep 
life for 1-2 percent strain compared with tests of the same material 
under the same applied stress and temperature in an ion-pumped chamber 
(about 10*5 Torr). This difference in purity level during test is 
very large, and data from tests in moderate-vacuum equipment cannot be 
used to design materials for use in a high-vacuum (i.e., space) 
environment. 

Although extensive ultralow-vacuum creep tosts were conducted on 
alloys such as T-lll or ASTAR 811-C in the late 1960s and early 1970s, 
the results do not comprise an engineering data base that can be used 
to design and qualify new systems today. New heats of these alloys 
that will be produced for applications in the future will need to be 
tested in depth for resistance to creep under ultralow-vacuum 
conditions, since their behavior will not necessarily be the same as 
that of previously tested materials. Testing may not need to be as 
extensive, but each new heat of material will have to be qualified. 
Alloys that have not been tested previously, such as Mo and its 
alloys, will have to be creep tested in great depth under 
ultralow-vacuum conditions. In addition, all tests must be of a 
duration equal to or greater than tne design life of structures. As 
will be discussea, creep tests of refractory metals cannot be 
accelerated, and short-time creep data cannot be extrapolated to 
predict long-time deformation with any degree of reliability. A 
design life of 10,000 hours will require a minimum of 10,000 hours of 
creep data. 

The industry at present is not capable of supporting creep testing 
and qualification of either formerly used alloys (T-lll) or new alloys 
(Mo base) under ultralow-vacuum conditions. Most of the specialized 
equipment built from 1960 to 1970 no longer exists (K. H. Titran, 
personal communication)• NASA-LHC has six operating ultranigh-vacuum 
test stands, and other laboratories such as Meetinghouse and Oak Ridge 
have modest capabilities. Any revived used of refractory metals in 
nuclear space power systems will require extensive rebuilding of this 
capability. It is estimated that a minimum of 12 units would be 
needed to develop required creep design data for one alloy under 
ultrahign-vacuum conditions (R«. H. Titran, personal communication) • 
Cost today probably would approach or exceed $100,000 per unit. 
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assuming the required ion pumps and basic related components are still 
available. It probably would take at least 2 years or more to 
construct the facility and an additional 1-2 years to conduct the 
tests. A similar facility would be needed for each additional alloy 
composition. This will be a pacing item in the design and development 
of advanced space power systems. 

A parallel situation exists for evaluation of maf•rials for 
resistance to attack by Li and K. Although an extensive data base 
exists for Cb-lZr and T-lll, current production materials would have 
to be requalified for behavior. Behavior is very sensitive to both 
alloy structure and composition, especially oxygen content, and it 
cannot be assumed that today's materials would behave the same as 
tnose of 15 or 20 years ago. New materials would require extensive 

testing. Such tests normally are conducted in closed-loop rigs that 
simulate closely service conditions (Stang et al. 1966)• Test rigs in 
use 10 years ago no longer exist, and a new capability would need to 
be established. 

No estimates of cost or lead time have been made, but this also is 
considered to be a pacing item. Long-term tests are necessary, and 
short-term data cannot be extrapolated f or reliable life prediction. 


Supporting Technology 

The loss of a supporting technology base that has occurred over the 
past years is considered to be a major problem in the use of 
refractory metals for advanced nuclear space power systems. Technical 
personnel with the required knowledge, training, and experience in 
refractory metals for effective research, development, and engineering 
support are gone, and no one has been trained to take their place. 

Many are retired or near retirement and as such could comprise an 
important source of consultants to accelerate the transition for 
reDuilding a sound v:echnical base. A new generation will have to be 
educated and trained in the unique and often complex characteristics 
and behavior of these materials. 

Unlike stainless steels or superalioys, the refractory metals ha*’~ 
not reached a design aandboox stage. Their use is guided by a 
knowledge and understanding of benavior. Although vast amounts of 
data on alloy properties and behavior have been accumulated over the 
past 30 years, they have not been assembled into a useful engineering 
design data base. Many of the detailed data on properties and 
behavior are buried in numerous but scattered volumes of industry and 
government reports. Often only the highlights or a summary of 
selected parts of the work is published in whe open literature. Many 
of these are no Jonger available from the contracting agencies but may 
be available from ASTIA or the National Aeronautics and Space 
Administration's Office of Scientific and Technical Information. 
Knowing whicn studies were conducted and which reports exist presents 
in itself a formidable task. This has been eased to some extent by 
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computerized data banks and search systems, provided that key words 
selected to catalog tne work bear ?ny resemblance to those selected 
for tne soirch. Reports issu*5 pricr to the establishment of the 
National Technical Information Service, or tne NASA Office of 
Scientific and Technical Information (in 1964 and 1962, respectively) 
are not in literature data banks and must be sought out by other means. 

It would be very useful if most of the data accumulated over the 
pa^t 30 years could be assembled as an engineering properties data 
ban* on refractory metals. Tne task of educating and training new 
personnel as well as providing Bound technical guidance for alloy 
testing, evaluation, and use would be greatly simplified. The lack of 
a sound engineering design data oase will unduly increase costs and 
introduce delays as well as an element of risk in future work on the 
use of these materials, particularly in advanced nuclear power 
syrteras. Tne basis for such a data bank already exists in the form of 
t tj Mechanical Properties Data Center at dattelle Memorial Institute 
*BMI)• However, data on refractory metals are not included in the BMI 
bank at present. 


ALLOY TECHNOLOGY 
General Behavior 

Refractory metals and alloys are used primarily for their strength at 
temperatures above tnose where stainless steels or euperalloys are 
used (i.e., above 800°C), or for their excellent resistance to 
corrosion oy a wide range of chemicals and licuid metals. Excellent 
resistance to attack oy liquid or gaseous lithium (Li), sodium (Na), 
and potassium (K) makes these materials prime candidates for heat 
exchangers and power trains in nuclear power systems. Each of the 
four refractory metals—Cb, Ta, W, Mo—and many of their alloys 
basically ar*> resistant to attack and are corapatiole with the 
liquid-metal coolants and working fluids or vapors in advanced nuclear 
space power systems. The roost important consideration with respect to 
liquid or gaseous-metal coolant corrosion is the oxygen content of 
both tne coolant and tne metal or alloy. Hign oxygen content in 
either case accelerates corrosion. The performance of a wide range of 
materials is considered to be adequate, and no need to develop new or 
improved materials has been identified. Detailed behavior of the 
various materials has been summarized by Stang et al. (1966) and will 
not be discussed further in this paper. Performance data are well 
documented, and a good technical data base exists. It would be 
helpful, however, if an engineering data bank accessible for computer 
searen and containing all available data in one plr.ee would be 
established. 

The roost important mechanical properties of refractory metals anc 
allov* are their strength at elevated teiqperatures and their toughness 
and ctility at low temperatures. The range of strengths available 
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in alloys that were considered for commercial production between 1954 
and 1974 for eacn of fie four refractory metal bases is summarized in 
Figure 2* Strength is expressed as the ratio of yield strength to 
density so that alloys can Le compared on an equivalent weight basis. 
This i8 most important for aerospace applications, since weight is 
often a controlling factor in materials selection and design. As 
noted in Figure 1, Ta and W alloyr nave twice the weight of Mo and Cb 
alloys and as sucn would have to re more than twice as strong to 
justify their use on the basis of strength. The data in Figure 1 show 
that Ta alloys are not really strength competitive with Mo and Cb 
alloys oelow a*jout 2800°F. Their use at lower temperatures, 
however, may be justified or required on the basis of toughness, 
ductility, and forraaoility and/or weldabilitv. Most of the 
high-strength Mo and Cb alloys present problems in these areas. The 
same is true with respect to tungsten. Although its strength-to- 
density ratio is superior those of other materials over most of the 
temperature range, its low ductility and toughness and limited 
weldability severely restrict its use as a structural material. The 
strength properties of each class of alloys will be presented in more 
detail in tne following section. 

Each of the refractory metals and its alloys undergoes a transition 
from ductile to brittle behavior with decreasing temperature, as 
summarized in Figure 3. Alloys of Cb and Ta hive tne lowest ductile 
to brittle transition temperature (DBTT), normals, well below 0°c. 

The DBTT for Mo and its alloys is near room temperature, although it 

can be depressed below 0°C by controlled thermal-mechanical 
processing. Tungsten has the highest DBTT and presents the most 
difficulties in use. Problems with respect to the DBTT will be 
discussed in a following section. It is important to note that this 
is not a fixed temperature but that it can vary between widt extremes 
for all the refractory metals and alloys. The DBTT for any or these 
materiaxs may be increased significantly by some or all of the 
following variables: 

o Increased strain rate 
o Interstitial contamination (0, C, N) 
o Recrystallization 
o Grain growth 
o Intergranular precipitates 
o Increased alloy content. 

Letaiied data on oehavior of a wide variety cf alloys are given by 
Tietz and Wilson (1965)• 

Another property of particular importance in aerospace applications 
is the modulus of elasticity. Comparative behavior of the refractory 
metals is summarized in Figure 4. Cb and its alloy have a low modulua 
at all temperatures and generally have to be used in heavier sections 
where stiffness or buckling is important. Tantalum alloys are 
stiffer, but when corrected for density, they are comparable to Co. 
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Mo and W alloys nave tne highest moduli, and on a Density-compensated 
basis, rto and its alloys would be superior over a very wide range of 
temperatures. 

detailed summary of tne behavior of each of these alloy systems 
has been assembled in book form oy Tietz and Wilson (i965) • The book 
presents comparative data on all aspects of mecnanical behavior as 
well as a d'.s^ussion of the various and often complex factors that 
influence mecnanical behavior of refractory metals and their alloys. 


Cb ana Ta Alloys 

Alloys or Cb and Ta have provided to aate the basis for construction 
of compact nuclear space power systems. A summary cl comparative 
properties for alloys that have been produced commercially at one t ic 
or anotner is given in Figure 5. The following two alloys have 
provided the basis tor most ct* tne space p^wer systems designed and 
operated to date: Cb-lZr and Ta-8W-2Hf (T-ill). On a density- 
compensated-yleld-strength basis, Ta-bW-2Hf would be superior at all 
temperatures from 2000° to 3500°F. aSTAR 811-C (TA-8W-lRe-lHf), 
which nas been taken to an advanced state of ievelopment for space 
power use, nas similar properties but was not included in this summary 
figure (Figure 5). This material has improved creep properties 
compared with T-lll, as snown in Figure 6. For a given time and 
temperature of exposure, ALTAR 811-C can operate at about twice the 
stress for i percent deformation by creep compared with T-lll. For 
example, at U00°F, the stress for 1 percent creep in 1U,000 nours 
averages ib KSI for T-lll and 30 KSI for ASTAR 811-C (Figure 6). The 
strongest Cb-base alloys (Cb-ibW-2QTa-5Mo-2Zr-Q.15C, CL-132M ana 
Cb-2iW-lZr, AS30) are comparable to T-lll, as illustrated by the d*ta 
in Figure 7. On a density-compensated oasis they would be stronge. 
than T-ill out not as strong as ASTAR 811-C. The Cb alloys, nowever, 
would present more problems in fabrication and welding, and they have 
not been fully characterized and qualified for use in space power 
systems. Extensive testing and evaluation would be required. 

The conmercialiy available Cb and Ta alloys such as Cb-lZr, T-lll, 
and ASTAR 811-C are considered tc be wholly adequate for a wide range 
of nuclear space power applications. They have been tested and 
evaluated in depth and nave been test in operational units. Tnese 
alloys would present the least problem^ and could be brought to an 
operational state of readiness in the shortest time at the least cost 
compared with all otner materials. Tney are ductile, weldable, and 
fabneabie ana nave ubTTs well below 0°C. In addition, they are 
very resistant to attack by liquid and gaseous Li, Na, and K. 


Mo and W Alloys 

Molybdenum and tungsten alloys are of particular interest where 
ultrahigh strength is required (turbines) or where resistance to 
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nuclear fuels is essential (heat pipes). Comparative properties of 
the weakest and strongest alloys are shown in Figure 8. On a 
aensity-corapensated-strength basis, TZM-Mo is superior to tungsten at 
a\i temperatures to 3600°F. Only a W-25Re alloy is higher in 
strength above 25U0°F. TZh-Mo is also stronger than the best Ta and 
Cb alloys at temperatures to 2600°F (Ta) and 3500°F (Cb) cn a 
density-compensated basis. Creep properties of TZM-Mo are summarised 
in Figure 9. Tne alloy is comparable to T-lll, with a stress for 1 
percent creep in 10,000 hours at 2000°F Detween 15 and 25 KSI. On a 
density-compensated basis, however, it would be twice as strong as 

T-lll and comparable to AbTAK 811-C. Above 2t>00°F, TZM-Mo 
recrystallizes, and creep properties would not be as good. 

The major problem in using either Mo or W and its alloys is their 
hign DbTT and their tendency to be brittle in the recrystallized state 
(Figure ±0 ). Tnese materials are very notch sensitive and can behave 
in a brittle manner if not properly prepared, designed, ana used. In 
addition, aJenough Mo, W, and their alloys can be joined by welding, 
the weld joints may be brittle, fcmbrittlement of both base materials 
and welds will be a limiting factor in the use of these materials for 
nuclear space power systems and represents a critical prjblem area in 
wnich more worK in needed. This is discussed in more detail in the 
following section. 

One approach to solving the embrittlement problem with Mo and W is 
to alloy these metals with rnenium (Re) • As shown in Figure 10, tne 
addition of 30-35 Re to Mo or W Leduces tne DBTT to beiow room 
temperature. However, Re is a *ery scarce and expensive material, and 
tne industry at present coiTi prooably not support any major use as a 
large alloy addition. Development of an adequate Re supply could be a 
pacing factor, depending on the net total requirement for any new 
application. In addition, it should De noted tne Mo-Re and W-Re 
alloys nave had minimal testing and evaluation and little is known of 
their behavior in terms of long-term creep, liquid-metal corrosion, 
nuclear fuel compatibility, thermal stability/ and DBTT behavior—to 
mention just a few important properties. The properties and benavior 
of tnese alloys have oeen summarized by Jeffe and Sims (1958) and 
Lundberg (1981)• Lundoerg concludes that Mo-10-15 Re alloys offer an 
advantage over pu*“* Mo in space reactor core neat pipes with respect 
to both DBTT and high-temperature strength. TZM-Mo, however, may be a 
more practical alternative provided that welding problems car be 
solved (brittleness)• 

Mo and TZM-Mo have been fairly well cnaracterizeo with respect to 
attack b> 'iquid- and gaseou.r-metal coolants 'Stang et al., 1966), and 
minimal additional testing will be needed. The data base on long-time 
and low-vacuum creep, nowever, is very weak, and extensive testing 
would be required to develop essential design data for the wide range 
of product forms. Unlike Cb and Ta alloys. Mo and TZM-Mo are 
strengthened by cold work, and mechanical properties vary greatly with 
deformation structures, Bach product form has its own unique set of 
properties, dep cing on the structure produced. Only fully 



295 


recrystallized materials of uniform grain size and shape will have 
similar properties for all product forms. 

Ho and ita alloys are not readily available in tubular form. 
Altnougn tubing has been produced, it is not a routine commercial mill 
product. Major programs on manufacture of Mo and Mo alloy tubing will 
be needed to support any extensive use of this material in space power 
plants. 

Coating8 

If refractory metals and alloys are heated in air, they will oxidize 
at rapid rates. In addition to hign rates of surface recession, 
oxygen and nitrogen diffuse into the alloy that with Cb and Ta alloys 
results in hardening and embrittlement. None of the commercial alloys 
developed during the past 30 years have any inherent resistance to 
oxidation. They must oe prote :ted oy surface coatings of more 
oxidation-resistant materials during heating in air or oxidizing 
atmospneres at temperatures above about 600°C. 

Four types of surface coatings have oeen u«* d successfully to 
protect these materials (National Materials Advisory Boa d (NMAB), 

19' .j: (1) siiicides, (2) aluminides, (3) noble metals, and (4) Ni-Cr 

alloys. The most successful and widely used coatings _je tne 
disilicides of the case metal to which the coating is applied (i.e., 
MoSi 2 on Mo). NorraalJv, coatings are 2-5 mm thick. Their useful 
life in air is summarized in Figure 11. Life tends to be governed by 
interdiffusion between the active coating elements and substrate 
elements and hence is an inverse exponential function of increasing 
temperature. Thinner coatings (1-2 mm) nave a useful life near the 
lower siue of the scatter band, while thicker coatings (4-5 mm) are 
near the upper side (Figure 11)• As can be seen from Figure 11, life 
expectancy at temperatures above 2200°F is less than 1,000 hours. 
Temperatures of less than 2000° F are necessary for a useful life in 
excess of 10,000 hours. Repeated heating and cooling (thermal 
cycling) accelerates wear-out of silicide coatings. 

Twenty years of intensive research Las done little to improve 
performance, and the current state of the art probably is the oest 
that can be achieved without a major technical breakthrough. Current 
coating process technology is geared largely to small components, 
although fabricated components up to 6 ft in diameter are being coated 
routinely. Coating process technology is not adequate for larger 
components, and major process innovations will oe needed if coatings 
are required on large nuclear power system components. Coatings 
generally are not required for refractory metals heated in the vacuum 
conditions of space but may be needed for ground testLng unless tests 
can oe run in large vacuum or inert atmosphere chambers. 


Contamination 


Retractory metals will react with carbon and nitrogen as well as 
oxygen over a wide range of low partial pressures or activities of 
these oxidants. Tnis can present major problems when the metals or 
alloys are heated in contaminated "inert" atmospheres or moderate 
vacuums (10“*-10~5 Torr), Tne carbide and oxide phases stable for 
Cb and Mo neated at 2150°F are shown as a function of equilibrium 
oxygen pressure and carbon activity in Figure 12. Cb will not react 
with either carbon or oxygen if log a c is less than or equal to -6.5 
and log Pq is less than or equal to -21 atm. With equilibrium carbon 

activities above 10"^ or oxygen pressures above 10“21 atm, Cb can react 
to form carbides or oxides, depending on the P 0 -a c levels in the gas 

at 2150° F. The boundaries for Mo are at much higher levels, KF^ior 
carbon and 10~12 f or oxygen. Molybdenum and its alloys will have 

less tendency to react in impure atmospheres due to a lower stability 

of oxide and carbide pnases. 

These reactions and phase equilibria are of considerable importance 
for use of refractory metals in space nuclear power systems. 
Contamination levels at which reactions can be expected can be 
defined, and reaction kinetics can be studied under controlled 
conditions that simulate real environments. For example, Figure 13 
illustrates the reaction of Cb with oxygen and carbon to form external 
oxide or carbide scales as a function of equilibrium oxygen pressure 
and carbon activities at 3000°F. Studies of such reactions snow 
tnat rates of reaction are very low wnen CbC or Cb02 can form as 
external scales and that protective coatings may be needed only under 
conditions where Cb20s can form. Kinetics of internal carburiza¬ 
tion and oxidation also appear to vary significantly with small 
changes in gas equilibra. 

Few definitive studies of reactions of these alloys in atmospheres 
of low oxygen and nitrogen pressure or carbon activity have been made, 
and guidelines do not exist for using the alloys in impure 
atmospheres. Kinetic studies of internal contamination as a function 
of exposure conditions are particularly needed. Boundary conditions 
of time, temperature, and gas composition for use without detrimental 
internal contamination need to be defined. 

Of equal importance is tne fact that few definitive studies of the 
effect of internal contamination on mecnanical behav^r have been 
made. Although it is Known that contamination may embrittle 
refractory metals, the precise effects of specific contaminants on 
various alloys have not been establisner' with any degree of 
certainty. For example. Figure 14 shows the effect of oxygen and 
nitrogen contamination on the DBTT of welds in a high-strength Co 
alloy (B-66). Typical of most data, they illustrate a relative effect 
but do not define property-composition relations to the extent chat 
data can be used to control contamination through process or product 
specifications. Detailed studies of the individual and combined 
effects of C, O, and N at low levels of concentration (ppm range) on 
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mechanical behavior are needed for virtually all alloys. None of 
these alloys will be stable in even the best vacuum, and internal 
contamination is bound to occur during long-time exposure at high 
temperatures. 

The effectiveness of currently available coatings to protect from 
internal contamination during exposure to vacuum and reactor 
atmospheres has not been studied. Coatings based on Si, Cr, and A1 
most likely will not be effective in vacuum, since the active coating 
elements have high vapor pressures. It may be necessary to develop 
new coatings based on noble metals or ceramics for effective 
protection of refractory metals from internal contamination in nuclear 
space power systems. 


PACING PROBLEMS 

There are a number of pacing problems that will need to be addressed 
early on m any program to develop advanced space power systems based 
on these materials. Several of these have already oeen discussed and 
are listed oelow as a summary: 

o Alloy production : (1) nigh-temperature (above 25Q0°F) 
extrusion capability ana (2) seamless tube manufacture for 
high-strength alloys and Mo. 

o Testing and evaluation : (i) ultrahigh-vacuum creep test 
facility and (2) liquid- and gaseous-metal-corrosion facility (test 
loops) • 

o Supporting technology : useaole engineering data bank. 

o Alloy technology : (1) ultrahigh-vacuum creep data to 10,000 
hours, (2) coating processes for large structures, and (3) coatings 
to protect from internal contamination in vacuum or reactor 
atmospneres. 

There are three other pacing problem areas in which work should be 
initiated as soon as possible to support development of reliable space 
power systems: (1) alloy embrittlement, (2) weld embrittlement, and 
(3) creep life prediction. These are discussed in tr.e remaining 
sections of this paper. 


Alloy Embrittlement 

Most of the technical problems encountered in the use of refractory 
metals ara related to one form or another of embrittlement where 
normally ductile materials behave in a brittle manner. The previous 
discussions pointed out one type of this behavior, in which alloys can 
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be embrittled as a result of contamination by C, 0, or N during use. 

In other cases, alloys ore embrittled by a change in structure 
(recrystallization) or by welding. All of these phenomena are 
interrelated in that tney most likely involved an interstitial 
contaminant--*), C, or N. 

Kecrystallization and weld embrittlement possibly are the most 
misunderstood aspects of alioy oehavior, particularly for Mo and its 
alloys. It is common to hear Mo described as being inherently brittle 
in the recrystallized state and nonweldable. Neither statement is 
true: recrystallized Mo can be very ductile, and sound, ductile welds 
can be made with molybdenum. 

A recent paper by Kumer and Eyre (1980) snows that brittleness in 
recrystallizea molybdenum is the result of oxygen segregation at grain 
boundaries. Fracture stress is inversely proportional to the 
segregated oxygen level. Adding small amounts of carbon to Mo reduces 
the driving force for oxygen segregation and increases tne tolerance 
for oxygen. If tne grain boundary oxygen level can be reduced from 
0.47 to O.ll percent, fracture stress will increase to the point at 
which cracks propagate elastically and ductile behavior results. This 
wor* shows that Mo is not inherently brittle and holds forth the 
promise of controlling ductility through balanced composition. 

Excess carbon in Mo also can have an embrittling effect, but by a 
different means. if Mo with 20 ppm C is heated to 2750°F for 
recrystallization, all or the carbon goes into solution and 
precipitates as carbides along grain boundaries during cooling (Figure 
15)• This precipitation cannot be suppressed, and carbon cannot be 
quenchtd into solid solution. During subsequent working, internal 
cracKs are formed along carbide arrays, and the material may be 
brittle. However, if this material is recrystallizeo at 2150°F, 
less tn.in 2 ppm C is soluble, and carbides do not form on the grain 
boundaries during cooling. Cracks are not formed internally during 
subsequent working, and tne material remains ductile. The brittleness 
or ductility in this case is controlled by an in-process anneal 
betwee.i extrusion and rolling. The anneal must be adjusted to prevent 
dissolution of more than a few ppm C in order to prevent internal 
crac’xing during further worxing and subsequent brittleness. This is 
not standard industry practice at present. 

Another example of ductility or brittleness in recrystallized Mo is 
given in Figure 16. Here a macnined TZM-Mo tensile olanK was wrapped 
in Ta-foil and recrystallized in vacuum (10~5 Torr) for 3.5 hours at 
2550°F. Elongation at room temperature was 4 percent, indicating a 
DBTT of more than 20°C. However, when 1 mm of material was removed 
from the surface by etcning, a similar sample had 32 percent 
elongation at 20°C. Repeated tests of this type revealed that 
recrystallization embrittlement was in fact the result of surface 
contamination with oxygen to a depth of 0.5-1 mm during the vacuum 
anneal. Removal of the contaminated surface yielded a high-ductility 
recrystailized structure for all samples heated up to and including 
3000°F. This material is very ductile in the recrystailized state 
with a DBTT of -35° to -65°C in bending at l-in./min load rates. 
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Tnis is not to say that recrystallixed TZM-Mo will be ductile at 
room temperature under all conditions if the contaminated surfaces are 
removed. The DBTT of Ho is a function of structure, composition, and 
strain rate. Detailed studies of the behavior of one grade of TZM-Mo 
indicate that for a particular composition and purity, the DBTT is an 
inverse linear function of hardness of the alloy for any given 
velocity o f Reformation. At any hardness level, the DBTT increases 
with increasing rate of bending, l'nese relations are shown in Figure 
17. The plots were used to derive an empirical relation that defines 
the DBTT in terms of material hardness at room temperature (H, in 
Hock we11 A units) and velocity of loading at the test temperature (V, 
in in./min) as follows 

DB'if (T - °C) - 5.88V0.119(67.4 - H) - 94 

Tnis relation has been found to be valid for wrought or recrystallized 
TZM-Mo sheet or bar at loading velocities of 1-10,000 in./min. The 
effect of variations in microstructure and grain size is incorporated 
in this equation only to the extent by which these factors influence 
hardness (strength) at room temperature. 

Tnis is a purely empirical relation, but one that is very useful 
for estimating the conditions under which TZM-Mo will be C ictile or 
orittle by merely measuring the hardness in Hockwell H units. (Note 
that in all cases, 1 mm is etched from all surfaces after vacuum 
anneal to remove contamination and the equation is cnly for 
noncontaminated material.) It is believed that more detailed studies 
of this type could oe very useful in developing engineering guidelines 
for the more effective use of Mo and its alloys. While much has been 
done to develop oasic understanding of the embrittlement pnenomena, 
little has been done to develop a round engineering basis for using 
tne materials. Far more work is needed to derive relations, empirical 
or otherwise, that effectively define the boundaries and limiting 
conditions for the ductile to brittle transition in the materials that 
will be used for nuclear space power systems. 


Weid Bmorittlement 

Weld e^rittlement can occur with all tne refractory metals and 
alloys. In the case of Cb and Ta, embrittlement is the result of 
contamination with C, O, H, or N during welding. As shown in Figure 
14, nitrogen nas a severe embrittling effect on welds in Cb alloys. 
The addition of J00 ppm raises the weld DBTT from -200° to 
+5(J°F. Oxygen is shown to have a comparatively minor effect. 

Similar effects are observed with tantalum, and nitrogen has oy far 
the greatest hardening and embrittling effact as a contaminant. 
Hydrogen embrittlement of Ta welos also can be major problem. 
Unfortunately, few definitive studies that relate weld contamination 
to weld atmosphere and weid contamination to weid embrittlement have 
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been made for tbe major commercial alloys. Suitable engineering 
guidelines to control ana eliminate this problem do not exist, and 
work should be undertaken for any proposed alloys of use to define 
precise relationships. 

Welding of t*o and TZM-Mo presents a unique problem, but of a 
somewhat different nature. Weld joints tend to be brittle under most 
conditions. Even those made with ductile Mo-Re alloys can be brittle 
as a result of recrystallization in the heat-affected zone adjacent to 
the weld bead. Ductile welds (3-10 percent elongation at 72°F) have 
been made by EB welding (Kalns, 1975); nowever, this appears to oe an 
exception ratner tnan a rule. 

Recent studies by Wadsworth et al. (1982b; have brought the problem 
into perspective and indicate possible approaches to producing 
consistently ductile welds, bow ductility of welds in TZM-Mo is shown 
to be a result of localized strain variation and not the result of 
material embrittlement. The difference in strength level between the 
weld bead, the heat-affected zone, ana the base metal governs the 
joint ductility. Welds of fully recrystallized sheet are ductile, 
since strength is imiform across the joint area. Welds in stress- 
relieved sheet are brittle because all of the strain is localized in a 
weak but ductile weld bead. If the weld bead strength is increased 
(Mo-Re alloy weld), the deformation is then localized in the weaker 
recrystallized heat-affected zone, 4 nd the joint again is brittle. 

The approach to ductile welcs requires a balance between weld 
composition ana wela joint design to prevent localized straining in 
the region of the weld deposit. For example, by using a thick weld 
bead and thick adjoining heat-affected zone, stress within the weld 
could be reduced to the point where deformation on loading would be 
balanced or equalized between the joint and base metal. Ductile welds 
could be made in tube joints, for example, by upsetting the ends of 
tube before joining to produce a thick weld joint. Since the strength 
of recrystallized TZM sheet is about 60 percent that of stress- 
relieved TZM sheet, the joint would have to be 1.67 times as thick as 
the base metal for uniform straining afte* welding. Detailed studies 
of joint configuration and relative weld area strength parameters are 
needed to develop useful welded Mo alloy structures. 


C*eep Life Predictions 

Design for creep requires accurate data on the time required to reach 
a given level of creep strain under specific conditions of load and 
temperature. Often the load and temperature are variable, and 
additive creep effects must be considered. Under ideal conditions, 
creep behavior is such that a long period of steady state creep 
occurs, as shown in Figure 18 for ASTAR 811-C. The slope of the 
steady state portion of the creep-deformation-time curve is the creep 
rate (6 ) and can be used with various analytical expressions to 
describe an envelope of creep behavior in terms of stress and 
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tenperature* A commonly used expression for Class I solid solutions 
to wnich most retractory metals Delong is as follows: 


6 - A (O/ E) n exp (-Q/RT) 


where € is the steady state (minimum) creep rate, £ is the average 
dynamic Youngs modulus, O is tne stress, n is a stress exponent 
(usually n - 3 for Class I solid solutions), and T is the absolute 
temperature* Sucn expressions can be used to calculate creep over a 
wide range of conditions, althougn the data cannot be extrapolated 
safely oeyond the longest times used in deriving the ate equations. 
Tnat is, rate equations derived from 1,000 hours of data should not be 
used to calculate 10,000-nour creep deformation. 

Unfortunately, curves of the type shown in Figure 18 are the 
exception and not the rule for refractory metals* More typical or 
representative creep curves for T-lll alloy are shown in Figure 19. 
Tnere is no steady region of creep, and the creep rate (6 ) increases 
continuously with time* Titran (1974, found that some creep curves of 
this type could be linearized by plotting 6 versus t^/3 # The 

steady state creep rate, 6, for such a material would be in hours 
instead of hours ~ i * 

A reanalysis of available long-term creep data on this basis nas 
not been done, and it is not known how universal the relation may oe* 
It more likely will be found that each creep curve will fit a slightly 
different exponential time oase, and the current approach is to use 
computer plotting to linearize da*a. fly feeding raw creep data along 
with modulus and diffusivity data into a properly programmed computer, 
creep relations for use as predictive engineering data can oe 
derived. It would oe very nelpfui if an appropriate program could oe 
devised and data generated during the last 30 years be reanalyzed, to 
develop a reliable engineering creep data base with broad predictive 
capability* Without sucn a base, engineers will nave only rough data 
plots of the Larson-Milier type (Figures b, 7, 9), which are of 
limited utility* 

Primary consideration should oe given to establishing a 
computerized analytical approach for creep data correlations on 
refractory metal alloys* An added benefit of such an approach is the 
ability to factor statistical variations in creep into the program in 
order to establish reliaole design guidelines* Ail creep data exhibit 
a large amount of scatter that can be as much as 1-2 orders of 
magnitude in time for a given amount of creep strain* Typical scatter 
tor a cobalt-dace alloy (US 188; i s shown in Figure 20* A Weibull 
plot of 0.2 percent creep life data for this alloy indicates that the 
scatter is random in nature (b - 1) and covers over 2 orders of 
magnitude (Figure 21)• Creep data for retractory metals indicate a 
similar behavior, and a statistically sound data base must be obtained 
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for reliable design. With a 10,000-hour life requirement, test costs 
would be prohibitive unless a computerized test design and analysis 
approach wnere employed. 
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TEMPERATURE-F 

FIGURE 2 Range of yield strength (density compensated) for refractory 
metal alloys from 2000° to 3200°F. 
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FIGURE 5 Density-compensated yield strength versus temperature for 
commercial Cb- and Ta-base alloys (Tietz and Wilson, 1965). 
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Larson-Miller plot of ultrahigh vacuum creep data for Cb-base alloys (Sheffler et al 
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FIGURE o Density-compensated yield strength versus temperature for 
Mo- and W-base alloys (Mo: Tietz and Wilson, 1965; W: Lessraan and 
Gold, 1970). 
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FIGURE 9 Larsen-Mi 1 i*r plot of ultrahigh vacuum creep data for 
TZM-Mo (Sheffler et al., 1970). 
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FIGURE 10 Ductile to brittle transition for Mo and W alloys (Jaffee 
and Sims, 1958) . 
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FIGURE 11 Useful life of coatings on Mo-base alloys under steady 
state exposure conditions in air (NMAB, 1971). 
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FIGURE 14 Effect of contamination on the DBTT of B-66 alloy weld metal (Thomson et al., 1966). 
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FIGURE 15 Solubility of C in Mo and precipitation of carbides during cooling. 
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FIGURE 16 Btori*tlennt of recrystallised TIM-Ko by surface 
contamination vu Ji oxygen (Perkins end Pecker, 1980) . 
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FIGURE 18 Creep curves for ASTAR 811-C in ultrahigh vacuum (Sheffler and Ebert, 1973}. 
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FIGURE 20 Scatter in creep strain data for HS 188 alloy (Co base) at 1£Q0 
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HlGH-ThMPER*TURE FUELS FOR ADVANCED NUCLEAR SYSTEMS 

J. F. Watson 

Haterlals ana Cnemistry Division 
Georgia Technologies, Inc. 

San Diego, Caiitornia 92138 


ABSTRACT 

High-tem^erature nuclear tueis are reviewed in detail, including prior 
history of use, fundamentals of performance, and characteristics of 
specific fuel types. It is shown tnat wmle Uu^ is oy far the most 
widely used fuel, UC and UN offer significant improvements in tnermal 
conductivity and in fuel density. However, tnese improvements are 
attainable only at the cost of signirleant additional development. 
Coated-particle fuels potentially otter the best nign-temperature 
performance and otter wide flexibility in the selection of materials 
tor compatibility with various coolants ana core structural 
materials. Many factors suen as thermal properties, radiation 
performance, chemical compatibility, fuel density, and development 
status must oe considered in tne selection of fuel for an advanced 
nuclear system. Tne selection for a particular application will 
involve a tradeoff of systems requirements ana fuel characteristics. 

INTRODUCTION AND BACKGROUND 

In nuclear systems a wide variety ot fuels nas oeen used, including 
the metallic form, nyarides, oxides, carbides, nitrides, and cermet 
forms of uranium ana plutonium. Tne cnoice of fuel for a particular 
system depends on a variety of factors, of which temperature 
capability is only one. Owners u^iuoe chemical compatibility with 
cladding coolant, and other core materials; thermal staomty; and 
radiation effects suen as swelling and creep. While the term 
"nign-temperature fuel" is not well defined, it is generally taken to 
include all of tne uranium tu?ls except the metal and the nyoride. In 
general, tne plutoniuiu-basea fuels nave lower melting temperatures ano 
are less suitable for nigh-temperature applications than uranium fuels. 

The term "nigh-teroerature fuel” is somewnat misleading, since in 
all systems involv:ng solid fuel the important temperature is that of 
tne coolant exiting the core. There are may cases in wnich the peax 
fuel temperature in one system may be nigher tnan that in anotner 
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system, but the outlet coolant temperature is iovtr. A good examnle 
of this is tna commercial Light Watar Reactor (LWR) versus tna 
Hijn-Temperature, (ias-Oooled Reactor (RTGR) . Tha high outiat 
temperature and consequent nigh efficiency of tha UlViR does not com 
fro* a hign peak fual temperature but cr^as fro* tna high surface 
temperatures allowed by tha fual particle coatings and inert coolant. 
Thus tna fual cannot oa considered in isolation fro* tha reaainder of 
tna system* Some of tna fuels tnat have bean proposed for space 
nuclear applications are shown in Table 1* 


FUNDAMENTALS OF NUCLEAR FUEL BEHAVIOR 

A general understanding cf the fundaMntals of nuclear fuel Dehavior 
is essential to a discussion of fuel selection for advanced nuclear 
systems* A number of aspects of the performance or nuclear fuel that 
are generic, in that they apply to all fuel types under the 
appropriate conditions, are discussed in this section* This includes 
primarily irradiation ana thermal effects such as fuel restructuring, 
swelling, ana fission gas release* Much of the discussion in tuis 
section is derived from the excellent text by Olander (1976)* 

Restructuring in a nighly ratea mixed-oxiae fuel pin is illustrated 
in Figure la (O'Boyle et al*, 1969). It has resulted in the formation 
of three distinct zones in the fuel plus a central void. The central 
void is created oy the migration of the porosity in the initial fuel 
material to tne center of the fuel pin under the influence of the 
temperature gradient* The inner fueJ .egion is characterized by dense 
columnar grains formea by the thermal-gradient-driven migration of 
lenticular pores. The mechanism for lenticular pore migration is 
vaporization ana condensation or tne U02* Consequently, columnar 
grain growth can only occur at relatively high temperatures (higher 
than 1700°C), at which the vapor pressure of UO 2 is appreciable. 
Outside of tne columnar grain region is found a ring of large equiaxed 
grains. In this region, conventional diffusion-controlled grain 
growth occurs. This equiaxed grain region is important in that 
diffusion-controlled processes such as fission gas swelling and creep 
can readily occur. In the outer ring, fuel temperatures are too low 
for restructuring to occur, and there is no change from the 
as-fabricatea microstructure. The various fuel zones and their 
temperatures of formation are illustrated schematically in Figure lb 
(Olander, 1976)• 

Approximately 25 percent of tne products of uranium fission are tne 
inert gases krypton and xenon. These gases are essentially completely 
insoluble in the fuel matrix, so they are either released and 
contribute to the atmosphere surrounding the fuel, or they precipitate 
as bubbles within the fuel. Fission gas bubbles in nuclear fuel 
Denave in an analogous manner to the more familiar soap bubbles. The 
pressure of gas in tne bubble (P) is balanced by tne surface tension 
(5) plus the hydrostatic component of externally applied stress (a), 
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TABLE 1 Materials Choices for Selected Space Nuclear Programs 


System 

Fuel 

Cladding 

Coolant 

SfciAP senes 

U-ZrH 

Stainless steel 

NaK, Li 

Rover/NKRVA 

UC 2 

Pyrolytic carbon 

«2 

SPUR/ShAP-50 

UN 

Nb-1% Zr 

Li 

In-core thermionic 

UC-ZrC,U0 2 

w 

Na 

Brayton (Garrett-nGN) 

U0 2 

Hastelioy X 

He 

Brayton (Gh) 

uo 2 -w 

Refractory metals 

He 

dP-i.00 

uo 2 

Mo-Re 

Heat pipes 

Rotating bed 

UC 2 ,UC-ZrC 

Pyrolytic carbon 

he 

Fixed bed 

uc 2 

Pyrolytic carbon 

He 


SoUACt: Layton et al. (19B2) . 


so that an equilibrium size (r) is established according to the 
classical expression P * (2 6/r) + 0 . Tnis is illustrated Figure 
2. An addition of fission gas to tne bubble or a change in the 
applied stress will cause the bubble to grow or snrinx by the addition 
or loss of vacancies in oraer to maintain equilibrium. 

Since tne gas in the bubbles occupies a mucn larger volume tnan the 
equivalent amount of gas dispersed as individual atoms in the matrix, 
the precipitation of fission gas into bubbles results in a volume 
increase, or swelling of tne fuel. Buboles can migrate, grow, ano 
coalesce both by diffusional processes and by interaction with fission 
tracxs. Large bubbles can also grow by plastic detormation 
processes. It is clear from the bubble equation that as a buoble 
grows, its internal pressure diminishes. Consequently, bubble growtn 
results in an increase in swelling. Fortunately for many 
applications, oubble growtn and swelling do not continue 
indefinitely. Large bubbles tend to form at the grain boundaries, 
wnere they can link up and release their gas to the surrounding 
environment. Thus tne phenomena of swelling and fission gas release 
are inextricably iterreiated. 

A comparison of swelling rates of oxide, carbide, and nitride fuels 
is given in Figure J (Bauer, 1972)• All of the fuel types follow the 
same trends, as would be expected. These swelling data snould be used 
with caution, since they are valid only over a limited range of volume 
cnange aro in some cases were obtained irom measurements on cladding 
rather than fuel* 

In a practical sense, swelling, fission gas release, and columnar 
grain growth can result in substantial shape cnanges and 
redistribution of the fuel, as illustrated schematically in Figure 4 
(Oianoer, 1976). In stage 2 of this illustration, the fuel swells 
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uniformly owing to the effect of fission gas bubbles. Under 
conditions in wtucn columnar grain growtn occurs, as in stage i, tne 
fission gases will be swept up and released, leaving reoensified but 
displaced fuel, as snown in stage 4. Tne process can then repeat 
itself. This type of process can lead to substantial creep 
deformations of tne surrounding ciad or core structure are 

difficult to predict or treat in design. While these processes are 
generally related to conventional metal-ciaa fuel pins, tney can also 
occur in less conventional structures such as the SP-100 plate fuel it 
the temperatures and temperature gradients are sufficiently nigh. 
Fortunately# in the current SP-100 design, the conditions oo not 
appear to be sufficiently severe to result in significant fuel 
redistribution by tnis mechanism, however, the possibility should be 
considered in advanced designs and under faulted conditions. 


HIGH-TEMPERATURE NUCLEAR FUELS 

This review will be limited to solid fuels and thus will exclude 
liquid, gaseous, and plasma fuels even thougn these have been propsed 
for some nigh-temperature systems. The categories of ueis to be 
considered include oxides and cermets, carbides, and nitrides. Since 
coated particles represent a radically dirferent fuel concept, they 
will be considered in a separate section. 


Oxide and Cermet Fuels 

UO 2 is by far the most widely used, tne most studied, ana the best 
understood of the nign-temperature nuclear fuels. It is the standard 
fuel for tne LWR, Advanced Gas-Coolec Reactor (AGR), and Fast Breeder 
Reactor (FBR), as well as the Space Power Reactor (SP-100) under 
development at Los Alamos National Laboratory (LANL)• It is generally 
isolated from the reactor coolant by a stainless steel or zircalloy 
cladding. However, in the case of SP-100, it is used as unclad wafers 
separated oy thin Mo-Re spacers. 

Tne high melting temperature, compatibility with metallic cladding 
materials, irradiation stability, and ease of fabrication of UO 2 
have made it the front-runner among the high-temperature fuels. The 
primary disadvantages of UO 2 relative to other hign-temperature 
fuels are its low thermal conductivity and relatively low uranium 
density. (See Table 2). The thermal conductivity of UG 2 is lower 
by a factor of 7-10, and the uranium density is lower by as much as 30 
percent than those of the other hign-temperature fuels. 

Control of stoicnioroetry is a key factor in the use of UO 2 fuel. 
This is illustrated in the uranium-oxygen phase diagram in Figure 5 
(Latta and Fryxeil, 1970). Substoicniometric UO 2 can contain 
low-melting uranium metal tnac is unacceptable both from the 
standpoint of chemical compatibility and from the standpoint of 
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TABLE 2 Selected Properties of High-Temperature Nuclear Fuels 


Fuel 

Type 

Melting 

Temperature 

l°C> 

Thermal 

Conductivity 

W/cm-IC (to 1000°C) 

Ucaniua 
Uensity 
(g/ca 3 ) 

uo 2 

2665 

0.03 

y.5 

uc 

2325 

0.2 

13 

UC 2 

2 4 no 

0.35 

11.7 

UN 

-2BUU (at 2.S ata) 

0.2 

13.5 


irradiation performance. The chemical potential of oxygen increases 
snarply as tne UO^ becomes nyperstoichiometric. This can cause 
cnemical compatibility problems witn surrounding materials that are 
sensitive to oxygen contamination. Consequently, close control of 
stoichiometry is essential to acceptable irradiation oenavior. 
however, since tission products consume less oxygen as oxides than is 
liberated during burnup of UO 2 , oxide tuel becomes gradually more 
nyperstoicniometr ic as burnup proceeds. 

Because of tne low thermal conductivity of UO^* temperatures ana 
temperature gradients in most fuel designs tend to be hign. 
Consequently, restructuring, swelling, and fission gas release figure 
prominently m tne design of oxide fuels. 

Fuel swelling is of particular concern in tne design of tne SP-100 
reactor because of the potential for dimensional changes to disrupt 
the integrity of the neat pipes that cool the core. While tne LANL 
staff had adopted swelling design curves based on available data 
(Buaen ana Stocky, 1"82), others felt that the uncertainties were such 
that tne swelling could be much larger. To resolve this issue, the 
Department of Energy convened a panel of independent experts. On the 
basis of a detailed review of tne known data plus some significant new 
data uncovered oy the BP-iOO Fuel Panel, it was corcludea that tne 
design curves for UO 2 swelling adopted oy LANL (Figure 6) were 
adequately conservative. It was also concluded that columnar grain 
growth would not begin below i700°C, so that unaer the design 
conditions for SP-1GQ the vast majority of the fuel in tne core would 
not undergo restructuring. However, the design of tne SP-100, with 
unclad fuel plates, is particularly susceptible to swelling. The 
relatively large uncertainty in the swelling data does lead to 
difficulty in design, for instance, in ho*r to provide for axial fuel 
expansion. 

borne recent French (Commissariat a l'Energie Atomique (CEA ») data 
on swelling of UO 2 roicrospneres (Kauffmanr. et al., i960) suggest a 
way to minimize swelling that could significantly simplify the design 
of a reactor suen as SP-100. Figure 7 snows tne C£a swelling data at 
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lbOOPc as a function of initial density. While the high-censity 
material follows a fairly normal awe1liny curve, the low initial 
density material (92*95 percent) swells only a few percent and then 
saturates or even redenaifies somewnat. Although tne work done to 
date is somewhat sketcny, the key to tms behavior appears to be the 
production of a controlled uniform tine porosity. With further 
development, tnis type of fuel couia be very attractive for the SP-100. 

Oxide fuel nas also been proposed for use in tne cermet form, 
consisting or UO^ with additions of 20-40 percent of tne refractory 
metals tungsten or molybdenum. The principal advantage of cermet fuel 
is its greatly improved thermal conductivity relative to the oxide, as 
shown in Figure 0 (Buden et al., 1979). It may also exhibit improved 
swelling behavior, but this is not confirmed. Tne principal 
disadvantage cermet fuel is the reduced fuel density that leads to 
increased core sizes and weights. 

Carbide Fuels 

At least tnree types of uranium carbide fuels nave been usee in 
nuclear systems: tne monocarbide UC, tne dicarbide UC 2 , and mixed 
carbide UC-ZrC. Mixed thorium-uranium carbide has been used in HTGRs 
such as the Fort St. Vrain Reactor. Bach of these has its own unique 
characteristics. 

Uranium monocarbiae has a uranium density nearly 30 percent mgner 
than that of UO^ (Tame 2) ana a tnermal conductivity nearly an 
order of magnitude higher (Figure 8) • A major limitation in the use 
of carbide fuels in h.rgn-temperature applications is chemical 
compatibility with refractory metals that might be used as cladding or 
core structural m*tenals, It can be seen from the free-energy curves 
in Figure 9 that niobium ana tantalum 'j ill tend to reduce UC to the 

metal wmle forming refractory metal carbides. While molybdenum ana 
tungsten are stable in contact with UC up to 2000 K or higher, ho will 
react with any excess caroon to form a rto^C layer at the interface 
(Coen et al., 1969)• 

Uranium dicarbide was tne reference fuel for the UBRVA ana Rover 
projects and is now tne reference fuel for tne rotating-bed and 
fixed-bed reactors. The Fort St. Vram riTGR, now operating on the 
grid of Public Service Company of Colorado, is fueled witn 
(Th,UJC^. All of these systems have in common tne use of pyrolytic 
carbon coatings. As can be seen from tne phase diagram in Figure 10, 
the dicarbide phase is the equiliorium phase in contact with carbon at 
high temperatures. At low temperatures, U^Cj is the equilibrium 
phase. However, in practice, the UC^ is nearly always stabilized by 
trace impurities and persists at all temperatures. As long as UC^ 
is used in the form of coated particles with pyrolytic carbon 
coatings, it ib an excellent candidate for nigh-temperature systems. 
Coated particles will be discussed in more detail in a subsequent 
section. 
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The mixed-carbide fuel 90% UC-10% ZrC was under development in the 
in-core thermionic program at General Atomic Company (Y*ng et ai., 

1972). To improve the dimensional stability ana the thermionic 
performance of carbide-fueled emitters during in-pile operation, it 
was necessary to exercise rigid control of tne structures, 
compositions, ann stoicmouetrles of the carbide fuel material. To 
facilitate fission gas release in order to reduce fuel swelling, the 
carbide fuel bodies had low densities (75-79 percent theoretical 
value) and contained a large amount of open porosity. To prevent the 
dissolution of the tungsten cladding at the operating temperature of 
the emitter, about 4 wt% of tungsten was added to the carbide fuel 
material. The C/ T J atom ratio was set between 1.03 and 1.05 in order 
to reduce tne dirfusion rate of uranium through the tungsten cladding 
and to minimize the carburization of tne tungsten cladding. Such 
carbide fuel material consisted of a uranium-zirconium carbide 
matrixcontaining a few weight percent of dissolved tungsten and 
dispersions of U-WC 2 pnase. Tne fuel bodies usually contained a 
central nole of about 10 percent of tne fuel cavity volume in order to 
accommodate fuel swelling. Irradiation testing showed that this 
structure was effective in reducing swelling below that of oxide fuels. 


Nitride Fuels 

Uranium nitride is tne least studied and the least understood of the 
potential nign-temperature fuels. However, nitride fuels have been 
considered both as a fuel for space power reactors and as an advanced 
fast breeder reactor fuel (Bauer, 1972). A good compilation of the 
state of the art in FBR fuel is given in the Proceedings ot the 
International Conference on Fast breeder Reactor Fuel Performance 
(Craig, 1979). Uranium nitride has the nighest uranium density and 
the highest thermal conductivity of any ot tne unalloyed 
nigh-temperature fuels ITable 2 ) . It also appears to have the lowest 
irradiation-inducea swelling rate, as was already shown in Figure 3. 

Uranium mononitride has good compatibility with most of the 
potential cladding materials, such as molybdenum, niobium, tantalum, 
vanadium, chromium, and iron. However, it will tend to react with the 
more reactive metals, such an zirconium, titanium, and aluminum, r. 
is also compatible with liquid alkali mecals. 

A key concern with uranium nitride fuel is its nigh vapor pressure 
at hign temperature, as illustrated in Figure 11 (Buden et al., 

1979)• The vapor pressure reaches 1 atm at about 2200 k. Tnis is a 
particular concern for the SP-100, where the fuel i.s unclad and 
operates in a vacuum. Practical application of nitride fuels at nigh 
temperatures will require a nitrogen overpressure and some form o* 
cladding• 
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COATED- P AKTICLE FUfcLE 

Coated-partlcle fueis nave oeen developed Dotn tor the uckVA ana Hover 
prograws and for the commercial HTGK programs in the United States and 
Europe. Tne development history ot coated-partlcle fuels nas oeen 
summarized by Scott (1975), Simnad (i975) , and Taub (i975). Tne 
status of coated-particie technology as of 1977 is covered in detail 

in a special issue of Nuclear Tecnnology (Gulden and Nickel, 1977a). 

A typical coated particle (Gulden and Nickel, 1977b) is oi tne 
order of 1 mm in diameter and consists of a central, fissile or 
fertile ceramic kernel surrounded by two or more coating layers, h 
commercial nuclear reactor will contain iO^U-lu^ coated 
particles. Cower a to all current coated-particie designs (but not to 
tne NEKVA fuel) is tne use of a porous, inner pyrolytic caroon bufier 
layer designed to accommodate kernel swelling, absorb fission recoils, 
and provide void volume for tne accumulation ot gaseous fission 
products. Tne outer coating layers serve as fission product barrier 
and pressure vessel, ana generally consist of dense, isotropic 
pyrolytic carbon (Kaae et ai., 1977) sometimes used in combination 
witn chemically vapor-aeposited silicon carbide (Price, 1977). The 
silicon carbide layer acts as a barrier to the release of metallic 
fission products and provides mechanical redundancy to the coatings. 
Zirconium carbide is an alternative barrier coating tnat has even 
better nigh-temperature performance. The various coating layers can 
De seen in tne scnematic and in tne scanning electron microscope (ELM) 
micrograpn of a deliberately cracked particle in figures 12a and izd. 

A wide choice cf fissile kernel composition is possible in 
coated-particie fuels. The NEKVA fuel was UC^, wmch is compatible 
witn the carbon coatings. Commercial ana experimental HTGks have used 
botn oxide and carbide fuels. A considerable amount ot development 
worn has been performed on a two-phase, oxycarbide fuel that combines 
some of the advantages of both oxides and carbides (Homan et ax., 

1977) . 

For space power or otner hign-performance nuciear systems, some 
modification ot current coatea-partide technology may be desirable. 
Two key factors are materials compatibility ana fuel loading. In a 
system suen as tne EP-1U0, pyrolytic carbon outer coatings are not 
acceptable, because ot the potential lor carburization ana 
e'ubr ittlement of tne Mo-Ke alloy heat pipes. Coatings ot zirconium 
carbide iHoliat^ugn et al., 1977), tungsten, or some otner refactory 
metal would be more corpatibie. In a more advanced nuclear system 
with a caroon or grapmte core structure, more conventional coateu 
particles with pyrolytic carbon coatings could be used to advantage, 
probably aliowir* higher temperature operation. 

The other Key factor in the use ot coatcd-particle fuels in 
advanced nuciear systems is fuel loading. Fuel loadings are maximized 
both by minimizing coating tmcKness ana by minimizing the 
interacitial void space in the bed of fuel particles. In general, 
fuel burnups in space power systems are low in relation to those in 


commercial reactors. Consequently, coating thicknesses can be greatly 
reduced. 

The random packing ot spheres has Deer. aiu\lyzeu m aetaii (Scott, 
I960; HcGeary, 1961)• While a randomly packed beu ot uniform spheres 
will nave a void fraction of ‘*7-40 percent, a ointry mixture of 
spneres with a size difference of at le.tst seven win pack with leus 
tnan 20 percent void fraction. With optimized coating thickness and 
optimized particle size distribution, the fuel loading for coated 
particles can approacn that of the current SP-100 design. 

Tne design or coated particles is complicated by the dimensional 
changes and creep of the carbon coatings, neutron-induced contraction 
of trie carbon coatings results in substantial shrinkage in the case of 
a two-iayer (blsO) particle, or in compressive stresses in the caroioe 
carrier coating in tne case of multilayer (TK1SO) particles. These 
effects are opposed by the internal pressure resulting from fission 
gas generation within the particle. Sophisticated coateci-partide 
design models nave been developed tnat consider tnese effects (Prados 
and Scott, j. 966; Kaae, 1969; bongartz, 1977). Owxng to the complexity 
of the processes ana the difficulty in obtaining precise input data, 
these models are still semiempiricai. However, their value nas been 
proven in coated-partlcle design and in tne analysis ot experimental 
results. Because of tne inherent variability in coateo-particle 
Dimensions and properties, statistical methods are u*ed in design 
(Gulden et ai., 1972). This is illustrated in Figure 13. 

fnermochemicai processes can limit coateo-particle-fuel performance 
under certain conditions. Two phenomena are of particular 
significance: (1) tne so-called ac^ba effect in wmch the fuei 

kernel tends to migrate up a temperature gradient througn tne carbon 
coatings, ana (2) reactions between certain metallic elision products, 
notably palladium, and SiC coatings^ It nas been shown theoretically 
and verified experimentally tnat the amoeba effect iu carDiue fuels is 
controlled by solid-state thermal diffusion of carbon through tne 
kernel under tne miiuence of the temperature gradient (Gulden, 197b; 
Stansfield et al, 1975). Tms is illustrated in figure 14. An amoeba 
effect is also observed in oxide fuels. Altnough its meci^nisu. is not 
as w' il understood as tnat in carbide fuels, extensive experimental 
studies nave shown that the amoeba effect can be treated 
phenomenologically the same as in carbide fuels (Wagner-boffler, 

1977). It nas been shown tnat the presence of a zirconium carbide 
seal coating around the fuel kernel eliminates amoeba migration in 
coated-oxide fuel particles, and a similar effect is probable in 
coated-caruide fuel particles. Thus this particle failure mechanism 
can De eliminated witn appropriate design changes. 

Reactions between metallic fission products ana the SiC coating 
nave long been observed. However, only recently nuve sun ic lent 
experimental data been available to allow quantitative epirical 
design methods to be developed (Smith, 1979). Fission product 
reactions do not occur witn zirconium carbide barrier coatings, and 
theretoie zirconium carbide is preferable to silicon carbide as a 
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barrier material in coated-particle fuels that are mtenaea for very 
mgn temperature service where fission product reactions may cause 
coating failure, Hotn of these classes or tnerraocheinicai phenomena 
are sufficiently well understood to De treated quantitatively in 
design. They are particularly important tor high-temperature-tuel 
applications. 

Over tne past iO years, coated-particle fuels have been developed 
to a high degree of sophistication and predictability. Potential fuel 
improvements have been identified tnat may provide even greater 
flexibility in tneir use in tne future. The basis for the use of 
coated-particle fuels in advanced nuciear systems is well established. 


SUMMARY ANb CONCLUSIONS 

While a variety of high- temper a ti» r e fuelr. 13 available tor advanced 
nuclear systems, the cnoice ot a tuel type is controlled by a complex 
interaction between system design constraints ana fuel properties and 
behavior. Key considerations include fuel compatibility with cladding 
and coolant, fuel swelling and fission gas release, and density of 
fissile material. 

Uranium dioxide has become tne standard fuel for mo 1 . reactors 
operating today that use conventional metal-ciad tuel. It^Tias 
excellent compatibility witn cladding materials and good irradiation 
benavior, and pernaps most important, it nas an impressive and 
successful record of use. hionocaroioe ano mononitnde rueis remain of 
interest for advanced applications because of the substantial 
lmprovemen ^ they offer in both fissile density and tnerraal 
conductivity. However, materials compatibility issues must be 
carefully considered witn tne carbides, and vaporization is a concern 
with the nitrides. In both cases, o<'t especially witn nitrides, the 
advantages for a particular system must be substantial to outweign tne 
relative lack of experience and data as compared to the oxide. 

Cermets, especially U0» with refractory metais, and tne mixed 
carbide UC-ZrC are also potential nigh-temperature tuel cnoices. 

Coated-particle fuels were developed for cnc NbRVA and Rover 
programs and have proven very successful in experimental and 
commercial nign-temperature, gas-cooied reactors. Coated-particle 
fuels are well developed, and tne factors tnat control tneir 
performance are well understood. Coated particles off# ; potential tor 
higher temperature operation than any other solid tuel. The coatings 
are very effective in isolating tne fuel from its surroundings, so 
that swelling and chemical reactions can be controlled at a highly 
localized level. Coated-particle fuels offer a hign degree of 
flexibility in choice of both coating and fuel materials and are 
compatible with a wide range of advanced nuclear system designs. 

The range ot available nign-temperature fuels for advanced nuclear 
systems is broad. In general, no single fuel will be optimal tor ail 
systems requirements. Tne fuel selection process involves a trade-oil 
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between systems design and materials properties. In some cases, the 
fuel properties can be modified to better match systems requirements, 
as in cermets, alloyed fuels, or coated particles. 
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FIGURE 2 Gas-filled bubble in mechanical equiliorium with a solid 
under hydrostatic stress (Olander, 1976)• 
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FIGURE 6 Fuel swelling curves for SP-100 core design (Buden and stocky, 1982) 
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FIGURE 7 CEA ddta on swelling of 
at 1500°C (Itauf tutann, et al., 1B80). 
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FIGURE 8 Thermal conductivity versus temoenture for various fuels (Buden et al 
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FIGURE 13 Two-dimensional distribution of a kernel diameter and buffer thickness for a TRISO-coated- 
particle batch witn lines of constant cnd-of-life SiC stress. 
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NEUTRON PHYSICS OF REACTORS FOR USE IN SPACE 


h. Kouts 

Brookhaven National LaDoratory 
Upton# New York 11973 


The power systems especially suited to serving applications in space 
could vary substantially in characteristics# depending on the 
mission. The range ot important features might be even wider than is 
encountered in terrestrial power plants. 

Some missions would require small to moderate amounts of electric 
power over long periods of time, perhaps a number of years. Some 
would require tne ability to generate large amounts of power over 
short periods of time. For some of these# the bursts of power might 
oe summoned several tiroes in the life of the plant. For others# the 


need might arise only once. J.n designs for pulsed demand, the plant 
would probably be cycled at Jeast once for test purposes and then 
would hibernate, working at low station-keeping power until called on 
to perform in earnest. The time available for response might be very 
short—a few seconds. 


It is unlikely that any single design of power plant is best suited 
to spanning tne full range of requirements. It is also unlikely tnat 
any single set of features, in terms or engineering or neutron 
physics, offers optimal performance over the range. The power plant 
should be tailored to tne mission to which it is dedicated. Its 
thermal, thermal-hydraulic, and neutronic characteristics are tne 
principal variables to be settled in design. 

Although 1 will concentrate on the neutronic aspects of the 
programs that would be required for space reactors, the thermal and 
thermal-hydraulic aspects are intimately intertwined with the 
neutronic ones, and it is not possible to discuss them separately. 
Therefore 1 shall stray into these thermal ana tnr aal-hydraulics 
areas but will not give a separate review of them 


CONSIDERED 

We consider three classes of system among the many that have been 
proposed over tne past 2-3 decades. These are of special interest at 
this time, for various reasons. 
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Tne Kover/NEKVA designs used cuei consisting of uranium carbide 
dispersed in grapnite, and nyarogen as tne coolant. This was a 
weli-tnermalizeu system. Tne weight of tne reactor varied, but it is 
typined by the N&KVa design of 3.4 tons for a reactor intended tor a 

long-term (more than bO min) burn at 1,500 MW. 

The sP-lOO is tne most recent version or a series of designs that 
nave oeen developed at bos Alamos National Laboratory over a period of 
years. It consists of a fast reactor core of UU^ wafers sandwicneo 
oetween sneets of molybdenum metax, wnicn serves as a medium to 
conduct tne neat to a system of neat pipes. Tne heat pipes trarsfer 
tne neat to tneriuoelectric elements. Additional neat pipes transport 
the residual neat to a tnermal radiator. The core is reflected on the 
sides and on one end by beryllium metal, and on the other end oy 
beryllium oxide. This is tne end that the heat pipes penetrate on 
their way to the thermoelectric junctions and the eventual radiative 
heat dissipation. 

Tne tmrd class of system is that oased on use of particle oeos. 

The particles are the coated spherical fuel particles developed for 
the Hiyn-Temperature Gas-Cooled Keactor (HTGk), and even earlier tor 
the Rover/NERVA reactors. The bed takes tne form of a cylindrical 
shell. Tne coolant is nydrogen forced through the bed from the 
outside surface and removed from the core region during exit at the 
inner surface. The Fixed-Bed Reactor core is a particle bed of this 
kino retained between two gas-permeable frits, with a reflector of 
beryllium on the ouVsioe and either beryllium or grapnite on the 
inside. Tne Rotating-Bed Keactor would not nave tne inner frit. 

Rapid rotation of the reactor would press tne oed outward against the 
frit, through centrifugal action, a tendency opposed by the inward 
moving coolant, wnicn would fluidize the oed. There would be no inner 
reflector. 

The SP-100 concept is directed to long-term generation of moderate 
amounts of electric power. The design point that has been most 
extensively explored has as an objective steady state electric power 
of 1U0 kW(e) generated from 1,400 kW(t), produced over a period of 
7-10 years. 

The Rover/NEP.VA designs were conceive! of as propulsion power 
plants, to deliver typically about 55,000 lb of thrust from 1,500 MW 
of power. We assume in this paper tnat Rover/NERVA designs might be 
modified to generate electricity. 

Particle oed reactors can oe tailored to a wide range of 
requirements. Steady state power can be generated by a Fixed-Bed 
Reactor, driving electrical generators through (for instance) a 
Brayton-cycle gas turbine, producing from 100 kW(e) to a nominal 100 
MW(e), assuming ability to dissipate tne waste heat. Higner powers 
can be generated using a Rotating-Bea Keactor design. These power 
levels would be more easily achieved in bursts, when snort-term 
methods of waste energy dissipation can be used. 
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NEUTRON PHYSICS REQUIRING EXPLORATION 

It is necessary to develop a good physical understating or tne 
neutronic behavior of canuidate systems Cor use in apace 
applications. Tnese systems all differ from tne on<?s normally used 
for other purposes, sucn as for terrestrial power generation or for 
research, and so tne tneoretical methods used for design m tne other 
areas will generally need further testing and retinement in these new 
applications. Good understanding is especially urgent because the 
power plants must ue designed to operate over long periods with no 
repair, modification, or maintenance, Tne possib?Lity of direct human 
intervention is discussed at times, out it this ever becomes possible 
in tne future, it will still be a nignly exceptional undertaking. 

The literature contains detailed lists calculated charac¬ 
teristics and features or designs oased on the various reactor 
concepts that nave been explored. These include neutionic features as 
well as engineering design parameters. The rt.utromc characteristics 
are oased in each case on some particular scheme of computation in use 
at tne time, usually one developed for otner reactor systems. Very 
few or tne computational scnemes were bencnmarked against assemblies 
resemoling tne ones explored for space applications. Although the 
design points are quite detailed in their description, the neutronic 
aspects are not nearly suited to reliable design. In many cases, 
important features or the computational schemes used to generate the 
tables or characteristics nave been lost and cannot be reconstructed. 
The features include old neutronic machine codes, old cross section 
sets, recipes used tor calculation or interpolation or extrapolation, 
assumptions as to conrigurations used in tne calculations, etc. Any 
decision to use designs following a given reactor concept must 
recognize the need for an experimental neutron pnysics program that 
proceeds almost from a starting point where some basic neutron physics 
questions are settled—not because the calculations are meaningless 
but because tney must be unusually reliable. 

The neutron physics questions include those of long-term static 
performance. The initial reactivity of tne system must oe in the 
operating range contemplated at start-up and througnout system life at 
operating conditions. Tms requires close Knowledge of the cold clean 
criticality, tne reactivity effect of proceeding to temperatures 
suited to power generation, and the reactivity effects of burnup and 
fission product buildup over tne life of the plant. For a typical 
plant, an uncertainty of 0.5 percent in reactivity could mean an 
uncertainty of 25 percent in system life. Additional details may be 
needed on sucn questions as tne spatial variation of power and its 
change over plant life, radiation damage, and gamma-ray heating. 

systems that may be called on to deliver high power over short 
peiiods of time will require close knowledge of criticality; the 
effects of temperature, burnup, and fission product buildup on 
reactivity; the prompt neutron lifetime; the spatial variation of 
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power; :he characteristic curves of control elements; and delay 
constants associated with reactivity feedback mechanisms ana other 
possible sources of instability. 

Safety considerations will require accurate knowledge of 
characteristics or the reactor that could be important during launch 
failures, sucn as reactivity effects of core distortion and core 
flooding. Safety considerations will also require knowledge of 
shutdown margins, including tnose associated with partial failure of 
control systems. 

Some of tnese cnaracteristics are not easily ootained in 
experimental programs but must be derived from calculations using 
reliaole theory. It is therefore essential that the experimental 
programs include means of ensuring tnat the theoretical methods are 
dependable even when they cannot be tested. This is often managed 
through experiments that in themselves may have little direct 
relevance to operating properties, but that are important. An example 
is the experimental determination of activation rates and reactivity 
coefficients of various materials at different points in the reactor. 
These test the calculated features of the neutron spectrum, and thus 
indirectly tney test tne ability of tne calculations to predict 
accurately features that depend on tne spectrum. 


CRITICALITY 

The geometry of Rover/NLRVA type cores is simple, since these cores 
would be nearly nomogeneous. A number of these systems were built in 
both critical experiments ana operating experiments, and criticality 
was explored. However, these studies were conducted about zO years 
ago, at a time when tne theoretical methods in vogue were much simpler 
ana less exact tnan those used now, and fitting analysis to 
experiments required some manipulation of tne calculations. If the 
details ot the old experiments are still in existence ana accessible, 
the work done witn these assemblies can serve to oenchmark 
calculations completed with more sophisticated theory ana better cross 
sections than were available 20 years ago. I suspect that in first 
tries at calculating criticality of the old systems, a value of k e f£ 
witnin about 0.5 percent of critical should not be thought of as 
shameful, and improving on tms would taxe time and study. 

The criticality of bp-100 is less well known. A series ot rough 
mock-ups of just critical versions of a reference design was 
constructed in the Honeycomb assembly machine at Los Alamos, and it is 
reported that the calculated values of k e ff of the critical systems 
were very close to unity. This is encouraging, but it must be 
recognized that the process of experimental testing of neutronics has 
only begun in these studies, which were intended as the start of a 
substantial program. Better mock-ups are needed, particularly ones 
that distribute the components in a more realistic way, with simulated 
heat pipes providing paths tor streaming ot neutrons. These mock-ups 





snoulu also carefully reproduce the full effects of the beryllium 
reflector, as it provides a return current of tnermalized neutrons and 
as it augments tne effective value or neutrons-per-fission throuqn 
(n,2n) and (8,n) reactions* 

The criticality of tne particle ueo system is even less well Known 
at tnis time* Only one-dimensional transport calculations of K e ff 
nave Deen done, but no criticality experiments* The analysis is still 
in tne development phase* 


TEMPERATURE EFFECTS 

The erfects of temperature on reactivity of reactors are produced in a 
number of ways. The causes induce thermal expansion, resonance 
broadening from Doppler shift, altered equilibrium energy oistnoution 
ol a thermal-neutron distrloution, and phase changes, if they occur. 
The change in average energy of the tnermal-neutron distribution can 
affect tne balance oetween mission and parasitic capture, and it can 
alter tne fraction or neutrons tnat lea* from tne reactor Defore 
inducing nuclear reactions. All the reactors we are considering here 
use enriched uranium fuel and nave small Dop^ier coefficients* 

Tne Hover/hEKVA reactors had reasonably well tnermalized spectra* 
The effects of temperature on reactivity were caused primarily by tne 
increase in mean temperature of tne thermal neutrons in thermal 
equilibrium witn tne moderator, as the temperature of the moderator 
was increased. The principal effect of this was an increase of 
neutron leakage with rising temperature. A second important effect of 
tnis change is an altered ratio of parasitic capture and 
fission, a ratio wnich is not constant in tne low-energy region* 
Increased moderator temperature leads to increased mean thermal- 
neutron energy, which reduces reactivity through a greater reduction 
<jL nssion than capture. In principle, tnese effects in Kover/NEKVA 
cores should oe well Known, because tne cores were operated both cold 
and not. As was pointed out above, the theoretical methods zu years 
ago were not so well developed, and tne calculations did not fit the 
experimental results as well as might be desired. Tne ability of the 
old experiments to benchmark the new tneoretical methods and cross 
sections depends on existence, accessibility, and completeness of the 
experimental record. 

Tne particie bed reactors are also tnermal systems, with most 
fissions induced by moderated neutrons returned from the reflector. 

Tne physical separation of moderator and reflector has an important 
bearing on the effect of temperature on reactivity. The outer 
reflector will nave a temperature well oelow tnat of the exit coolant 
gas; it is cooled on one side by radiative heat losses into space, and 
on the other sice by tne cool inlet gas stream. Tne neat source in 
this medium is neat radiated from tne not fuel, and ganuua-ray and 
neutron heating. Tnis source is not ^ery large. The temperature of 
the outer reflector will therefore not change rapidly with power, and 


so the leaxage or neutrons into space, wmcn is governed by this 
temperature, will not oe coupled closely to exit cooiant gas 
temperature. Likewise, the mean energy ot thermalizea neutrons 
returning to tne core will also oe insensitive to the reactor power. 
Thus, the riotating-Bed Reactor is expected to nave a small temperature 
coet tic lent of reactivity and a small power coefficient. The inner 
reflector ot the Fixed-Bed Reactor will operate at a temperature near 
that of tne exit gas (higner if cooled only by exit gas, lower if 
there is partial cooling oy a Dypass stream of entry gas)• The 
tendency of the temperature of the inner moderator to toiiow that of 
the exit gas contributes to tne temperature and power coetficients 
through cross-section etfects, but not through neutron leakage or 
thermal expansion. The net etfect is expected to be small, but tne 
sign is not known. 

The SP-lUO is a fast reactor, Dut thermal neutrons returned from 
the reflector play an important roie in tne criticality. Since the 
reflector is not actively cooled, its temperature snouio cnange as the 
temperature of tne core changes. Tne reflector should contribute to 
tne temperature ana power coefficients through efiects that resemble 
those appropriate to thermal reactors. These have toeir origin in 
neutron leakage ana neutron energy dependence of competitive neutron 
absorption at thermal energies. They would add to other temperature 
effects from thermal expansion of the core and from altered 
distribution of tne working fluid (sodium) in the heat pipes 
penetrating tne core. 

There are no experimental data on temperature ana power 
coetficients of particle Dec reactors or tne SP-100. 


SPATIAL POWER PEAK1NO 

One feature common to the S D -100 and the particle bed reactor concepts 
is the rapid spatial variation ot the neutron flux near the interface 
between tne core ana the reflector. Botn the energy ana the angular 
distributions are nighly space dependent in this region. 

in tne beryllium reflector, tne etfects ol variable spectrum are 
felt tnroug.i the density ot the fast-neutron-induced reaction 
^be 4 (n, iin) 2 4 He z . This reaction inauces radiation damage in 
tne reflector tnrougn the generation ot neliuro nuclei that at low 
temperatures accumulate interstitialiy m the beryllium lattice and at 
higher temperatures migrate to nucleate anu u^veiop small bubbles ot 
neiiuiu. This induces volumetric growth near the core-reflector 
interface, whicn distorts the beryllium into a shape convex against 
the reactor core. Tn*> * C tect has been seen in otner reactors such as 
the Materials Testing ctor (MTk), and can oe averted througn design 
if it appears to oe serious, such as by keeping the temperature low 
enough ro inhibit bubble formation. In any case, the spatial 
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distribution ut tne nign-energy-neutron flux in tne beryllium must be 
well understood. 

In tne tuei region, it is tne returning current of weil tnermanzed 
neutrons that requires attention. Thir is the origin of localized 
power pea*ins, wmcn can De very sharp. Tne attenuation length of a 
tnermal neutron in UO^ is less tnan 1 mm, anu sc power peaking 
effects in tne SP-IUU snould oe hignly local and may be very 
important. Proper calculation of tne effect requires considerable 
detail in tne thermal energy region, a feature not present in codes 
normally used to analyze fast reactors. This peaking, combined with 
tne poor neat conductivity of the UO 2 , may induce local temperatures 
in fuel tnat set a limit on reactor performance. The dynamics of heat 
pipes in tnese nign-temperature regions also require attention. It is 
important to Know at what power level burnout occurs in the heat pipes 
contemplated tor SP-lUQ. 

In particie bed reactors, peaking factors from return of weil 
thermalized neutrons must oe weil understood for thermal-hydraulic 
design. In tne Fixed-Bed Reactor, which has an internal and an 
external reflector, power peaking will occur at both the inner and the 
outer surtaceo of tne cylindrical shell tnat comprises tne bed. The 
coolant gas flows from the outside surface of tne bed to the inside 
surface, oemg heated on the way, and so it is tne peaKing at the 
notter inside surface that must be well determined if there is concern 
about excessive neating of the fuel. Power peaking sets a minimum 
flow rate or coolant to avoid burnout. The small value of AT between 
tne coolant gas ana tne fuel particles seems to insure freedom from 
problems in normal operation, where the coolant gas may be limited to 
aoout 1400 K and the fuel particles may be oniy some tens of degrees 
notter. Problems could arise in some transient cases, such as 
start-uu and shutdown, and accidental loss of coolant flow. We shall 
come bacK to this later. 

Tne Rover/NERVA systems are free from severe power peaxing problems. 


LONG-TERM BEHAVIOR 

The long-term reduction in reactivity as burnup proceeds would be 
important only for designs intended to produce power over extended 
periods, botn tne SP-100 and the particie oea concepts are capable of 
design for very nigh fuel loadings and so could be tailored to suit 
the requirements. The SP-100 designs are likely to oe less sensitive 
to fission product poisoning than the particie bed designs. The 
greater part of tne SP-100 fissions is produced volumetrically in the 
core by fast neutron^, ana fission products in this region compete for 
neutrons according to the relative values of macroscopic cross 
sections. In the particle bed concepts, fissions are all educed by 
neutrons returning from tne reflectors. Because of the power peaking 
at tne surface of tne ted, fission products will build up 
preierentially in this region of the Fixea-Bed Reactor, where they 
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will generate a curtain through which the returning neutrons must 
pass. A similar effect will be produced at the outer surface of tne 
SP-lOu, but its overall effect on reactivity will be less, because of 
constant migration of particles through the bed, tne Rotating-bed 
Reactor would not experience the effect. There is some discussion of 
Fixed-Bed Reactor designs in which the bed is re xed at intervals to 
eliminate tne problem. Long-term behavior in thi*» detail has not yet 
been explored. 


kinetics and stakt-up and shutdown 

The prompt neutron lifetime of tne SP-1U0 is of the order or 10~ 7 s, 
wnile that or particle Deo systems and Rover/NERVA systems is of the 

order of 10"^. These lifetimes are so snort that neutronic benavioc 
would not limit rapidity of response if rapidity is desired. The 
actual limits to speed of response are set by thermal and mechanic*! 
considerations. 

Rover/NSRVA systems are limited in rapidity of start-up ana 
shutdown oy the possibility of tnermal snock to the core, where the 
fuel is distributed in a matrix of moderator clad oy a refractory 
material. In the experiments conducted i aecades ago, temperature 

ramps tor the core were limited to !0U°-i50 u F/s. At higher ramp 
rates, fuel damage was encountered. 

Start-up and shutdown of particle bed systems would also have to be 
reviewed from Lne standpoint of tnermai shock to structure. The fuel 
▲tself would not be prone to difficulties of this origin. But the 
frit at the inner surface of the fuel in the Fixed-bed Reactor may be 
stressed during rapid power changes. The matrix of the frit would be 
volumetrically heated and cooled by tne coolant stream, and this would 
avoid internal localized stressing. But heat transfer to any 
structural members would be slower. It may be necessary to devise a 
careful programming of balanced change or coolant flow a**d reactor 
power, to maintain tne most sensitive components at a reasonably 
constant temperature and prevent tnermal snock. 

These considerations are important to use of particle bed reactors 
or Rover/NERVA reactors in rapid response modes. It might be 
necessary for some missions to ramp the power up from station-keeping 
levels to full power in a few seconds. The thermal shock to fuel 
limits the ability of Rover/NERVA to respond. Thermal shock may also 
nave to be analyzed for particle ocd systems, out it is not expected 
to set tne lower limit to response time, as long as proper design is 
followed. Tne limit should be set by the time required to ramp up tne 
coolant flow. Tnis may even involve switcning rrom closed-cycle to 
open-cycle cooling. 

The SP-100 is not at present considered for pulsed operation. 
Limiting ramp rates are still important, however, for reasons of 
sarety ana stability. At the operating power level of 1,400 kW, tne 
adiabatic rate of core heatup would be about f00°c/s. It is 
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unlikely that the neat pipes could respond last enough for cooling to 
track heating at tnese power levels, and so questions or stability 
(oust oe considered. Tms point will be considered again in the 
following section. 


SAFETY AND STAblLlTY 

In tne present context, safety means freedom from disabling failures. 
Considerations of safety and stability are very different for 
different space reactor concepts, and in fact, the most important 
features in this context are likely to be set oy sucn details of 
design as pump and valve reliability, electrical system 
characteristics, etc. There are, however, some generic aspects of 
SP-100 and particle bed designs that will require exploration in a 
neutronics program. These arise from coupied neutronics, thermal 
performance, and thermai-nydraulics. 

The delay tunes associated with neat transport in SP-100 could be 
important during power cnanges. These delays are the result of low 
neat conductivity of tne uranium oxide fuel, and mass transport in the 
heat pipes. On the other hand, SP-100 is not intended for transient 
use out is designed to operate at a single power level over long 
periods of time, instabilities from delayed feedback coefficients 
will oe avoided if power changes are made at rates slow in comparison 
with the delay times. This may be important if any load-following 
operation is required. 

A second generic question concerning SP-100 concerns the margins to 
thermal failure. Points that must be well understood are the margins 
to fuel tailure at the not spot, wmcn is expected to occur at the 
core-ref lector interface, where hign flux peaking may be found, and 
the margin to burnout in the highest power neat pipe. In this 
connection, it will oe necessary to explore probabilities and effects 
or control system malfunctions, such as mignt result during changes m 
system demand. 

Two possible sources of instability of particle bed concepts must 
be investigated. One is the potential for channeling of the coolant 
gas tnrough the bed of fuel particles, /uiotner it any possible 
tendency toward instability of the meniscus of the inner fuel surface 
in the Rotating-bed Reactor. 

The generic safety issue pertinent to particle bed reactors 
operated in the pulsed mode with sharp power increases and decreases* 
is, How are cooling capability and reactor power to oe ramped 
simultaneously so as to match power generation witn cooling? The 
question of highest interest in this connection is that of sensitivity 
of temperature of critical components to departures from optimum 
strategy. 
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NEUTkONIC PROGRAMS 

Tnere was an extensive experimental program on KIWI/Hover/NERVA 
reactors in tne late 1950s and early 1960s, when these systems were 
oeing developed for rocket propulsion. In the course of that program, 
a number or systems were built, ana a broad physics program was 
pursued. This may provide an adequate basis for tailoring similar 
reactor systems to more modern applications. However, to be certain 
tnat no new experimental neutron physics is needed, it will ue 
necessary to review tne arcnival information from these programs, to 
determine its completeness and adequacy as a basis for benchmarxing 
calculations made using current cross sections and computational 
methods. Without such a review, it is difficult to estimate now much 
new experimental work would be needed. In any event, a substantial 
theoretical program would be needed to redo the oia theoretical 
interpretations and to establish an analytical oasis for confident 
design calculations. Of course, any decision to review the 
Rover/NERVA program would have to point toward a working demonstration 
plant where the rinai neutron physics design could be checked. 

Several delayed critical mock-ups of SP-100 have been studied in 
the noneycomb facility at bus Alamos. This experiment was, however, 
omy of an introductory character, primarily to provide a first test 
of the ability to calculate criticality. These assemblies were also 
used to conduct some safety tests ana measurements of reactivity 
coefficients of several materials in the core. Tnese experiments were 
a useful introductory set that established confidence in a number of 
aspects of tne theoretical methods. Additional experiments would 
certainly be needed in a serious development program. These should 
include more exact mock-up of designs contemplated, including 
simulated neat pipes, detailed simulation of control drums, careful 
reproduction of details of the core-reflector interface where accurate 
knowledge of power peaking may be necessary, and a core size, 
composition, and geometry close to the design point. This will, of 
course, require ability to hold down, by use of distributed poison, 
the excess reactivity designed in for tenperature defect and burnup. 

The experimental program should include determination of 
criticality, reactivity coefficients of distributed poison tor 
extrapolation to the k e££ ot tne unpoisoneo core, reactivity 
coetficients of coolant in the heat pipes, neutron lifetime, power 
distribution in the core (with high detail near jwer spikes), 
high-energy-flux distribution in the reflector, control 
characteristics of tne control drums, safety experiments considering 
launcn accidents, and ito tne extent possible) separate temperature 
coefficients of the reflector ana tne core. It is unlikely tnat exact 
temperature coefficients could nc measured in any experimental 
configuration short of a detailed demonstration experiment, but some 
coiuponents of tne coefficient can be explored with critical assemblies. 

No neutromc experiments nave been performed on particle bee 
reactors. The exploratory analysis tnat has been done for these 



concepts has been baseu on use ot the one-dimensional transport code 
ANISN, wmcn nas been employed for many years and r.as Deen checked 
against a great nuny experimental assemblies, but not against any 
closely resembling tne particle bed designs. A serious development 
program would certainly require an experimental neutronics program, 
directed to the same broad class of questions listed above in support 
of tne SP-100 program. There would, however, be some differences, 
particularly the need to determine sensitivity of reactivity to 
disturbances in tne particie Ded. Tne experimental program could be 
started with approximate mock-ups as with SP-100, would then move to 
more exact mock-ups, ari would continue into physics testing of a 
demonstration unit or units. 


SPACE REACTOR SHIELDING: AN ASSESSMENT OF THE TECHNULOG ' 


D. E. bartine ana W. w. Engle, Jr. 
OaK Riage National Laooratory 
OaK Kidge, Tennessee 37830 


ABSTRACT 

Analytical ana experimental techniques for designer/; ana testing space 
reactor shields were developed at OaK Ridge National Laboratory more 
tnan a aecade ago. Tne analytical techniques, which are available for 
application to current systems, automatically optimize the size, 
weight, ana snape of tne shield oy careful placement of selected 
shield materials around the reactor. The design of the sr .eld varies 
with angle from tne reactor center, depending on the dose-rate 
constraints specified for different points outside the system. The 
F'' a .on ot the materials used in tne design is aided oy experimental 
determinations ot tne radiation-attenuating characteristics of various 
candidate materials at the OKNL ToweL Shielding Facility (TSF/, wnjch 
jses a l-M^(t) reactor as the source (tne Tower Shielding Reactor II, 
or TSR-il) . Measurements witn the TSK-II also confirm Dasic data 
(such as cross sections) needed as input in tne analytical methods. 
Prototypic shield designs can also oe tested at the TSF wit*, a 
10-KW(t) SNAP reactor used as tne source. These same techniques can 
serve as a basis tor developing a space reactor Shielding technology 
to meet the demands 01 ruture systems. Sucn a shielding technology 
program snould include generic stu« j; es of various snield materials to 
determine not only their shield:** • aracterist ics, but also tneir 

material and structural integrity . •» severe temperature ana radiation 
environments and under launch ana accident conditions. It snould also 
include generic studies of radiation streaming tnrougn penetrations in 
snields such as those required to accommodate coolant flow and reactor 
control. Finally, it should include experimental tests ana detailed 
analyses ot prototypic snields. Only witn such a technology will 
designers be assured tuat tne shield weight, which cun dominate the 
overall weight of space systems, is Kept to a minimum while at the 
same time being assured tnat tne dose rates and total doses delivered 
to the payload, to the reactor electronic components, and to the 
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maintenance and operating personnel do not exceed the maximum 
allowable limits. 


INTRODUCTION 

All space power reactor systems must include radiation snields to 
protect the payload, the components 01 the system itself, maintenance 
pr:"onnel# and mission crews. Since the weight of the shield may 
dominate tne overall system design, tne choice of the snieid materials 
to provide this protection and the optimization of tne designed shield 
with respect to size and shape are very important. 

Shield materials are selected botn for their radiation attenuation 
characteristics and for their structural stability under severe 
temperature and radiation environments ana under launcn and accident 
conditions. But the shislds are always compromised to su. degree by 
penetrations required to accommodate coolant flow and control 
devices. These penetrations provide paths through which neutrons can 
stream and complicate the desiqn. Tnus, the final shield design for a 
specific system must be cased on a detailed shield analysis, which in 
turn must ce based on a sound space reactor shielding technology. 

This paper discusses the requirements for space reactor snieias, the 

current capability for meeting those requirements, and the need for 
additional studies to develop a space reactor shielding technology for 
current and future systems. 


REQUIREMENTS for space reactor shields 

Shields for space power systems must meet three specific radiation 
design constraints. First, they must ensure tnat the radiation 
exposure levels per unit time specified for the structural and 
electronic components of botn the payload ana tne reactor are not 
exceeded, second, they must ensure that the integral radiation 
exposures (total lifetime exposures) set for these components are not 
exceeded. And, third, they must project personnel. For unmanned 
systems, it may be necessary to allow for tne possiblity of reactor 
and payload maintenance and docking operations. For manned 
spacecraft, the design must ensure that the mission crew does not 
receive dose rates or total doses above the specified limits. 

The shield must also meet several structural design requirements. 
Minimum weight is a primary consideration. In most space power 
planto, either the snieid o*' the heat rejection system dominates 
overall system weight. Normally, the shields tend to dominate tne 
weights of spacer aft utilizing low power reactors, while the hea 
rejection systems (i.e., radiators) tend to dominate the weights of 
tnose utilizing higner powered units. Minimum shield size usually is 
also important. In the past, considerable emphasis has been given to 
optimizing the shape of a shield to reduce Doth its size and weight, 
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and such optunizc.tion w*‘l become even more important in tne future, 
especially if the systems are to be launcned with a space shuttle, 
Tne shield must also possess the material stability to withstand the 
temperature and radiation environments required for routine 
operation. And finally, it must possess the structural stability to 
witnstand launcn conditions and to recain its integrity during 
accident conditions. 


EARLIER SPACE REACTOR SHIELD PROGRAMS 

Several investigations of space reactor shielding designs have been 
carried out at ORNL in the past. The most recent study, wnicn ended 
about 10 years ago, was primarily oriented to tne Systems for Nuclear 
Auxiliary Power (SNAP) program and included fundamental measurements 
of tne shielding effectiveness of some candidate shielding materials. 
In addition, calculation methods and the physical data that tney 
require (such as cross sections) were developed to create an analytic 
capability, Tnese tools were used in designing several shield 
concepts during this program. 

The measurements, made at the ORNL Tower Shielding Facility, 
utilized a modif ied SN/iP-lOA reactor (Mynatt, 1971) . They included 
basic radiation attenuation measurements for lithium hydnae, 2-^U, 
lead, tungsten, and Hevimet (a tungsten-copper-nickel alloy), as well 
as a few combinations of lithium hydnae and nign-Z materials. The 
energy distributions of neutrons and gamma rays leaking from some 
candidate snieid materials were also measured and compared with 
calculations. 

Lithium nydnde and tungsten were ultimately selected as snielu 
materials in the SNAP program, lithium hydride because of its light 
weight ana goou neutron attenuation characteristics and tungsten 
because it is a gooo gamma-ray shield and was believed to have a low 
production of secondary gamma rays due to neutron capture. (It should 
be noted that while these choices were rational for the SNAP program, 
they are not necessarily tne best choices for the current shielding of 
space power reactor systems. Lithium hydride can experience hydrogen 
loss due to the effects of temperature and radiation, and tungsten is 
heavy and may not really represent a minimum secondary gamma-ray 
source.) 

In the SNAP shield designs, the lithium hyuride and tungsten were 
often arranged in laminated layers for increased efficiency. The 
analytical tecnmques used to carry out the designs included 
one-dimensional discrete ordinates radiation transport calculations 
tnat optimized the tnickness iweight) of the individual snieid layers 
and also f u air placement within the shields. The techniques also 
included two-dimensional discrete ordinates calculations to "shape" 
the shield layers and configurations, plus coupled two-dimensional 
discrete ordinates and three-dimensional Monte Cano calculations to 
investigate effects such a radiation streaming through pipes and 
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crevices in the shields. These same techniques were also applied in 
several other shielding studies for space power systems (Engle et al., 
1971a, b) . 


CURRENT ANALYTIC CAPABILITY FOR SPACE REACTOR SHIELD DESION 

The analytic capaDility developed for tne earlier programs is 
applicable to current space power reactor shield programs. Several 
examples follow to illustrate now tne various available methods have 
been used—in these cases to optimize and snape the bottom and side 
shields for a 4bO-kW(t) space reactor (Engle et al., 1971b) . 


Bottom Shield Optimization 

Tn3 one-dimensional optimization techniques, wnich are simple and have 
resulted in JO- to bO-perc^iit weight savings in earner applications, 
were used to determine the required tnicknesses and locations of 
lithium nydride and tungsten layers in a two-cycie bottom shield (tne 
shield between the core <nd the payload)• The results are shown in 
Figure 1, wnere tne thicknesses and locations of the successive shield 
layers are inuicated for various dose-rate constraints. The inner 
surface of tne shield begins at a radius of lb cm. 

For a oose-rate constraint of 10-mrem/h at 200 ft from the reactor 
center, vne first tungsten layer of the bottom shield would have to be 
about b cu thick, the first lithium nydride layer approximately 20 cm 
thicK, the second tungsten layer about 8 cm tnick, ana tne second 
litnum ’:yaride layer slightly over 40 cm thick. The overall shield 
thickness would be about 79 cm. it a more stringent dose-rate 
requirement of 1 mrem/h were mandated, the first tungsten layer would 
have to be increased to about 14 cm ana tne second tungsten layer to 
approximately 10 cm. Tne first lithium nydride layer would remain at 
tne same thickness as for tne lU-mrem/h dose constraint level, but the 
second iitnium hydride layer would have to be increased by about 5 
cm. In this case the total shield thickness would be about 94 cm. 

The dirterence in weights of the two shields would be proportionately 
greater than the differences in their total thicknesses owing to the 
large increases in tne heavy tungsten layers. Diagrams sucn as Figure 
1 can be constructed for multicycle shields ana then used in 
conjunction with specific design constraints as a oasis for initial 
shield configurations. 


Side Shield Optimization 

Figure 2 gives similar optimization results tor a single-cycle side 
shield of tungsten and Iitnium hydride. Note that nere tne dose-rate 
constraint levels extend from 1 rem/h up to 100 rem/h at a distance of 
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10U lit from the reactor centc. (Since the side shield does not 
protect the payload, the constraints for the side shield are normally 
less stringent than those for tne bottom shield.) 

For tne single-cycle side shield configuration to meet the 1-rem/h 
constraint tequires approximately 4b cm of tungsten and about 60 cm of 
lithium hydride. If, however, a 10-rera/h dose-rate constraint were 
specified, only 5 cm of tungsten and about 52 cm of lithium hydride 
would be required. A further relaxation of the oose-rate constraint 
to 20 rem/h would allow the tungsten layer to be eliminated 
altogether, and increasing tne constraint level from 20 to 100 rem/n 
would decrease the remaining lithium hydride layer from about 50 cm to 
approximately 2b cm. Shield layer decreases sucn as those illustrated 
nere, and even tne presence or aosence of a given layer, are 
determined automatically by tne optimization cocie as it strives to 
meet tne dose-rate constraint. 


Shield Shaping 

Tne next step was to snape tne layered shields around the reactor. 

This was done oy calculating isodose contours with a two-dimensional 
discrete ordinates transport code. In a multilayeved snield, the 
neutron sniela material outer boundary is shaped to follow the neutron 
isodose contour, and tne gamma-ray shield material is shaped to follow 
the gamma-ray isodose contour. Tne dose rates resulting from the 
revised shield configuration are then calculated to check the results 
of the shielding shaping. This technique, wmcn nas resulted in 10- 
to 20-percent weight savings, is illustrated in Figures 3-6. 

Figure 3 snows a preliminary asymmetric reactor-shield 
configuration, including the heat-pipe region located directly above 
tne core. In this case, tne spacecraft is to be manned, and the 
dose-rate constraint for the bottom shield (between the reactor and 
the payload) is a factor of 100 lower than that for the top and siue 
shields, which are required only for approaches and docking 
maneuvers. Tne oottom and side shields consist of a three-cycle 
system of tungsten and lithium hydride, but toward the top the shield 
decreases to a two-cycie system. 

Figure 4 shows tne neutron isoaose contours calculated ror this 
preliminary shield. Note that the dose levels at the top are 
approximately i0^ mrem/n, while tnose near the bottom are i0^ 
mrem/n, meeting the requirement of a factor-of-iOO difference. 

Snaping was done along the 10^-mrem/n contour line ror tne outer 
lithium nydnde snield in tne bottom area. 

Figure 5 shows the corresponding isodose contours tor gamma rays. 
Note that nere the isodose lines are very close: together within the 
tungsten snield layers. The outer tungsten layer was shapeu at aoout 
the 10^-mrem/n contour line for the vertical portion of tne snieia 
directly opposite the core. 
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The final shape-optimized shield configuration is shown in Figure 
6. The savings in weight for this shield compared to that of tne 
shield shown in Figure 3 is approximately 10 percent. 


CURRENT CAPABILITY FOR LESIGN-CONFIRMATION EXPERIMENTS 


Integral experiments are required co verify the analytical methods and 
data used for snieid design and also to validate the final prototypic 
shield designs. Such experiments nave been performed for many 
shielding programs, including the earlier SNAP Shielding programs, at 
tne ORNL ‘Power Shielding Facility. The TSF, shown in Figure 7, has a 
large experimental area and is located at a remote site, so that large 
and complex experimental shield configurations can be accommodated. 

The four large towers shown in Figure 7 were originally constructed so 
that a reactor could oe hoisted into the air to provide a radiation 
source for measurements related to the Aircraft Nuclear Propulsion 
(ANP) program. The reactor now sets on a large concrete pad beneath 
the near towers ana is enclosed by a concrete structure. The staff 
tor this facility has many years of experience in performing shielding 
experiments, ana the instrumentation usea ror shielding measur^.snts 
has Deen well validated through experience. The experiments are 
aesigned tc exploit state-of-the-art shielding analysis capabilities. 

Two different reactors are available at the TST. Tne Tower 
Shielding Reactor II (TSR-II) is used for measurements to determine 
the adequacy of cross section data used in calculations of neutron and 
gamma-ray transport and secondary gamma-ray production. Experiments 
with the TSR-II can also be used to verify techniques for calculating 
radiation streaming through sniela penetrations, as well as shield 
weight and shape optimization techniques. The second reactor, a 
modified SNAP reactor, is used to verify shield designs. 


The Tower Shielding Reactor II (TSR-II) 

Tne TSR-II is a spherically shaped reactor tnat operates at powers up 
to 1 MW(t)• Tne high thermal power of this reactor allows neutron 
measurements of up to eignt orders of magnitude reauction in fluence 
levels, which should cover the range of interest for space power 
applications. 

Figure 8 shows tne configuration of a shield tnat has been measurea 
wjtn the TSR-II as the radiation source. This particular test was for 
a gas-cooled fast reactor, and the first few layers of iron, aluminum, 
and boral comprised a spectrum modifier (to modify the spectrum of 
neutrons leaking from the TSR-II to simulate the spectrum of neutrons 
that would emerge from the core of a fast reactor). The uranium oxide 
following the spectrum wodifer simulated the radial bianxet for the 
gas-cooled reactor, and the grapnite, boronated graphite, and 
stainless steel sections represented a prospective shielding 
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configuration. This figure indicates the deep neutron penetration in 
large dose attenuation type of measurements tnat cun be performed with 
the TSR-II. It also indicates the modular natures of these 
experiments; each piece of ths shield can be added individually, thus 
allowing measurements to be made at intermediate positions throughout 
the blanket and shield for comparision with calculations. 


Modified SNAP Reactor 

The modified SNAP reactor available at the TSF is basically a SNAP-1QA 
reactor with a SNAP-10A reflector assembly and a SNAP-2 shield (see 
Figures 9 and 10). This reactor is rated for 10 kW(t) and uses highly 

enric-;w^ uranium in zirconium hydride fuel. It has a beryllium 
retlector with forr control arum cutouts and uses NaK coolant. The 
top plenum has fin tubes to provide increased cooling. The horizontal 

section through the core (Figure 10) shows the coarse and fine control 
drums on tne four corners of the reactor housing surrounding the 
central core. 

The reactor's lithium hydride shield contains internal struts to 
provide increased stability, and tne switches and wiring are rated for 
hign-temperature operation. As indicated in Figure 9, other 
experimental shields (presumably prototype shields for specific 
reactor applications) could be substituted for the lithium hydride 
snield. This reactor has had a very low ournup, so that most of the 
core's lifetime is still available. 


PROPOSED SPACE REACTOR SHIELDING PROGRAMS 

It is important that further development of a shielding technology for 
space power systems begin with a generic shielding program. Of 
course, as designs are conceived, a technology for prototype sniexds 
would also develop. 


Generic Shielding Program 

The generic program would examine a set of verified metnods and data 
for application to various design projects. Prospective snielding 
materials would oe exarain i for tneir shielding effectiveness, both 
singly and in laminated configurations, and they would be classified 
by size and weight considerations, as well as availability and cost. 
Promising materials would be tested for their stability wnen exposed 
to high temperatures and high radiation levels. They would also be 
tested, in appropriate structural configurations, for shock resistance 
to simulated launcn conditions. 

The generic program would also include a study or geometric 
shielding effects. Radiation streaming through penetrations in the 
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snield would be examined as a function of the sizes and number of 
penetrations and of shield thickness. In addition, reflection from 
"out-of-shadow components" would be examined to determine the effect 
of placing structural members outside the shield snadow on the aose 
received by the payload or crew behind tne shield. 


Prototypic Shielding Programs 

A prototypic shielding technology program is needed for each project. 
Tne shield composition and configuration must be selected to meet 
project-specific requirements, and the shield design must be analyzed 
and optimized in order to meet project dose-rate constraints. Where 
feasible, radiation fiuence levels *nd energy distributions should be 
measured for each prototypic shield configuration, analysis will be 
used to verify fiuence levels in important positions in the shield 
configuration where measurements cannot be taken. The amount or 
effort required tor a specific project will depend on the amount of 
work done in the generic program and on Drototypic work done for 

earlier projects. 


SUMMARY 

Space power reactor systems require shielding to protect payload and 
reactor shielding components, and also maintenance and operating 
personnel. Shield composition, size, and shape are important design 
considerations since the shield can dominate the overall weight or the 
system. Techniques for space reactor snield design analysis and 
optimization and experimental test tacilities are availaoie for design 
verification. With these tools, a shielding technology in support of 
current and future space power reactor systems can be developed. 
Efforts in this direction should begin with a generic shielding 
program to provide information on materials properties and geometric 
effects and snould be fallowed by project-specific shielding programs 
to provide design optimization and prototype snield verification. 
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FIGURE 1 Minimum thicknesses of tungsten and lithium hydride layers 
in a two-cycle shield as a function of the dose rate at a distance of 
200 ft from a 450-kW(t) reactor. 
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FIGURE 2 Minimum thicknesses of tungsten and lithium hydride layeia 
in a one-cycle shield as a function of the dose rate at a distance of 
100 ft from a 450-kW(t) reactor. 
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FIGURE 3 Preliminary configuration for an asymmetric space power 
reactor shield with a 90-degree cone angle. 
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FIGURE 7 The Tower Shielding Facility at Oak Ridge National 
Laboratory. 



























































































































































































































































FIGURE 9 Drawing of the modified SNAP-10A reactor and lithium hydride 
shield used in TSF experiments. 







































CONCEPTUAL DESIGNS FOR 100-MEGAWATT SPACE RADIATORS 


F• C. Prenger and J. A. Sullivan 
Los Alamos National Laboratory 
Los Alamos, New Mexico 87545 


ABSTRACT 


A description and comparison of heat rejection systems for 
muitimegawatt space-based power supplies is given. Current concepts 
are described, and through a common performance parametei these are 
compared with three advanced radiator concepts. The comparison is 
based on a power system that rejects 100 MW of heat while generating 
10 MW of electrical power. 


INTRODUCTION 

Recently, increasing attention has been drawn to the importance of 
compact space power supplies in tne successful pursuit of the space 
resource (Angelo and buden, 1982). Tnis resource has been identified 
as the deployment of military systems, extraterrestrial materials 
processing, creation of permanent space nabitats, and planetary 
exploration. Attainment of these goals will require power sources in 
tne muitimegawatt range and larger. With power supplies in this sir.e 
range, the heat rejection subsystem becomes the largest and heavies: 
component of the lystera. For this reason, new designs for large space 
heat rejection systems are needed. 

As a basis for comparing various heat rejection systems, a oaseiine 
performance requirement wan defined. In support of a 10-MW(e) power 
system, a 100-MW(t) heat rejection subsystem is assumed to be 
required. Consistent with this conversion efficiency is a heat 
rejection temperature of 1000 K. In addition to these performance 
requirements, the heat rejection subsystem must be capable of being 
transported into space either as a deployable unit or as modularized 
subunits that are assembled in space. 

Several advanced radiator design concepts are presented, beginning 
with the most technically feasible system, a heat pipe radiator. 

Otner concepts are presented that are more compact and lighter but are 
based on less well developed technologies. Finally, a performance 
parameter is defined that provides a means of comparing the various 
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systems discussed* The concepts are divided into two categories, 
those that have been proposed previously ^.nd new radiator designs that 
are in the very early stages of definition. 

PRESENT CONCEP' 

Conventional space radiator designs (MacKa^ * employ fin-tube 

geometries (Figure la) • The coolant, usuaixj liquid, is pumped in a 
circuitous patn tnrough tubes fiat are connected to high thermal 
conductivity panels that act as fins or extended heat transfer 
surfaces. Fin-tube radiators are neavy because of the need for 
meteoroid protection around all of the tubing, but tney have proven to 
be reliable. A significant improvement in performance can be achieved 
by utilizing heat pipes as isothermal fins (Figure lb). However, the 
need for meteoroid protection remains, and the resulting weight 
savings is small. 


Heat Pipe Radiators 

Several radiator concepts using numerous, redundant heat pipes as fins 
have been proposed (Werner and Carleou, 1968, 1977) and built (Werner 
and Carlsou, 1975). The r *' systems utilize neat pipes connected to a 
central manifold containirg a circulating coolant. The larger number 
of fin heat pipes eliminates the need for individual meteoroid 
protection on each heat pipe because the system is sized to 
accommodate a nominal loss of heat pipes due to meteoroid 
penetration. In addition, because of tne nearly isothermal 
performance of the fins, their lengtns can be increased, thus reducing 
the required manifold tubing that roust have meteoroid protection. 

This configuration, shown schematically in Figure 2, results in a 
significant weight reduction compared with the conventional designs 
shown in Figure 1* 

Botn the conventional and the heat pipe radiators form a stationary 
structure that acts as the principal radiating surface for heat 
rejection. The next two systems to be discuss^ utilize a moving heat 
rejection surface. 


Moving Beit Radiators 

Tne moving belt radiator system consists of a moving heat transfer 
surface, a portion of which is in continuous contact with tne reject 
heat source. Two example configurations (Weatherston and Smith, 1960, 
Scnuerch and Roobins, 1964) are snown in Figures ia and 3b. Both 
configurations require good thermal contact between the moving belt 
and the heated roller. The temperature drop across this interface at 
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high power levels could be signific^nt, resulting in a st vert 
performance penalty. 

Anotner concept (Hedgepetn, 1978) employing direct contact Detween 
the working fluid and the moving belt is snown in Figure 4. In this 
configuration, the contact resistance is eliminated; however, tne 
system requires a seal where the belt enters and exits the 
liquid-metal heat excnanger. Development of a satisfactory seal for 
the proposed operating conditions requires a substantial advance in 
seal technology and design. Table 1 snows the parameters for a moving 
belt radiator with a 100-MW(t) capacity. The moving belt radiator 
combines a large radiating area with a dep^oyaole structure. 


Particle Kadiators 

A second type of moving surface radiator is tne solid-particle or 
liquid-dropiet radiator (Mattick and Hertzberg, 1980). The system is 
shown schematically in Figure 5. Micron-si*, ^tticies are neatea in 
a direct contact heat exchanger (Bruckner and hertzberg, 1982). The 
particles are then ejected to space from a "pitchei" and collected in 
a "catcher." The duration of the trajectory is specified such that 
the proper amount of heat is rejected f *om the particles to space. 

The particles are then reneated, with subsequent release by the 
"pitcher" in a continuous cycle. The density and size or tne particle 
stream is selected to optimize the radiant heat transfer. The 
particle trajectory is determined by the direction and momentum 
imparted by the "pitcher." This radiator system takes advantage of 
the large surface area to volume ratio of small particles. 

A variation of the dust particle radiator is the liquid-droplet 
radiator, wnere liquid instead of solid particles are used. It nas 
further been suggested that latent heats of fusion be utilized m the 
heat rejection system by letting the liquid droplets solidify in 
transit. For the liquid system a droplet generator (Figure 6a) and a 
liquid collector (Figure 6b) are required. The tecnmque of 
generating the droplets has been demonstrated with the development of 
high-speed printers (Kuhn and Myers, 1979) in the computing industry. 
Because or the zero-gravity environment, the collector must employ a 
collection scheme, sucn as a spinning drum with a pump to recirculate 
the radiator working fluid. The generator of artificial gravity for 
the collector introduces additional complexity and increases the 
radiator mass. In addition, creating a high-emissivity surface on the 
liquid droplet is a problem requiring further deveiopuent. Table 2 
shows the physical parameters for a liquid-droplet radiator capable of 
rejecting 100-MW. Because of the large droplet pathlengths required, 
the structural weight of the liquid-droplet generator/collector system 
is significant, which detracts from the weight savings inherent to 
this concept. In the following section several additional proposed 
hign-potertial heat rejection systems are described. 
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TABLE 1 Physical Parameters of Direct Contact Belt Radiator 


Heat rejection temperature 

(MW) 

IOC 

Belt material 


Graphite bonded to steel 

Belt width (m) 


11.6 

Beit length (m) 


lii 

Beit velocity (m/s) 


15.2 

Drum diameter (m) 


0.9 

Total mass (belt and drum) 

(Kg) 

7,260 

Belt temperature (K) 


560 


TABLE 2 Physical Characteristics of Liquid-Droplet Radiator 


Materi?i 

Tin droplec 

Droplet diameter ( *iiu) 

;>0 

Droplet enissivity 

0.1 

Droplet transit time (s) 

3.45 

Droplet temperature (K) 

400 

Sheet length (m) 

58 

Sheet height (m) 

24 

Droplet sheet thickness (cm) 

4.8 

Collector diameter (m) 

1 

Droplet spacing (Mm) 

250 

M/Q (Kg/KW) 

0.017 


PROPOSED CONCEPTS 

Electrostatic Thermal Energy Radiator 

Tne electrostatic thermal radiator (ETHER) is a new concept (data 
supplied Dy R. Hoeberling, Group AT-5, Los Alamos National 
Laboratory), which offers the promise or lower weignt than the 
pitcner/catcner liquid-droplet radiator* The concept is shown 
schematically in Figure 7* Tne working medium is a liquid metai such 
as tin, which is formed into small (50-M m-diameter) droplets and 
subsequently charged to 10*"13-10~^C (coulombs) • The droplets, 
which are formed into a closely spaced (250-Mm spacing) train, are 
ejected from the power system into space. Owing to an applied charge 
on the spacecraft that is opposite the droplet charge, the droplets 
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will execute a slightly elliptical orbit. It the ejection velocity is 
less than tne escape velocity for the applied spacecratt charge# the 
1 article stream w**l f<"»rm c closed orbit. Thus the collector for the 
particles can be located on the spacecraft proper. This arrangement 
offers tne promise of being lighter than an uncharged system because 
tne Doom and fluid channels necessary to support a mote collector are 
eliminated. During tne orbit# each droplet radiates heat to outer 
spacs. In this neat rejection system# tne time in orbit can be 
controlled by controlling tne electrostatic potential between the 
droplets and the spacecraft. Another significant feature of tnis type 
of radiator is tne possibility of charging the payload section of the 
spacecraft the same as the droplets to avoid contamination. A 
possible configuration tor the system is shown in Figure 8. 

Table 3 lists a typical set of parameters for the ETHER radiator 
for IOC MW of heat rejection. 


Rotating Balloon Radiators 

Tne rotating balloon radiator concept (data supplied by D. R. Koenig# 
Group 0-13# Los Alamos National Laboratory) is one wherein a large 
radiator surface area is achieved by employing thin# lightweight 
materials sucn as graphite fiber Donded to steel in rotating radiator 
structures. One such system is shown schematically in Figure 9# and 
another embodiment is shown in Figure 10. In these concepts# liquid 
or vapor is ducted to the heat rejection surface by a central duct 
that nlso serves as support. When the neat transfer fluid is liquid, 
it ia sprayed onto the rotating surface#* when it is vapor, it 
condenses on tne surface. Radiation to space cools the liquid as it 
is forced by the rotational body forces to flow to the outer 
extremities of tne radiator, where liquid pumps are located. This 
concept offers the possibility of a light and flexible envelope 
structure that could be folded for launch. A second advantage is the 
ability to control the emissivity of tne cuter surface through the 
application of high-emissivity coatings. A disadvantage is the 
suceptibiiity to meteorite damage; however, it is not. clear how much 
damage would oe required to render this system inoperable. 

For comparison to the previous concepts,» Taole 4 gives a set of 
calculated performance parameters for the rotating sphere radiator for 
100-MW(t) heat rejection. An estimate of the mass of a rotating 
sphere radiator is presented in Table 5. 


Filament Space Radiator Concept 

The filament radiator concept discussed here (data supplied by M. a. 
Merrigan# Group g-13# Los Alamos National Laboratory) is one wherein a 
continuous filameit of a viscous material such as glass is drawn from 
a not pool and caused to execute a trajectory in space prior to 
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TABLE 3 Parameters for a lO0-MW(t) Electrostatic Thermal 
Radiator 


Droplet material Tin 

Initial temperature (K) 1000 

Droplet diameter (Mm) 50 

Droplet spacing ( Mm) 250 

Droplet round-trip time (s) 4 

Power station potential (kV) 450 

Droplet mass (Kg) 4.3 x 10~^0 

Droplet initial velocity (m/s) 10 


TABLE 4 Rotating Spnere Typical Parameters 


Thermal power (MW) 

Average rejection temperature (K) 
Surface emissivity 
Working fluid 
Envelope materials 

Total radiating area (m 2 ) 

Spnere diameter (m) 

Liquid flow rate (kg/s) 

Average film tnickness (laminar flow) 
Fluid velocity at periphery (m/s) 
Rotation frequency (rpm) 

Centrifugal acceleration on periphery 
Sodium vapor pressure (Pa) 

Hoop stress (Pa) 

Delta P pumps (Pa) 

Pumping power (kW) 


100 

1000 

0.8 

Sodium vapor 

0.25-mro carbon clotn bonded 
to 0.55-mm stainless steel 
foil 
2,200 
26 
24 

(mm) 0.5 

0.41 
10 

( 9 ) 3.6 

0.19 x 10 5 (2.8 psi) 

5,000 x 105 (73,000 psi) 

1.1 x 106 (16 psi) 

3.4 


returning to tne spacecraft. The concept is one of a continuously 
renewaole belt composed of' a large number of very small (10-^m- 
diameter) filaments. A schematic of such a heat rejection system is 
shown in Figure 11. 

The generation of small filaments gives a large uuriace area to 
volume ratio for tnis concept. As in the charged droplet concept, the 
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TAbhh 5 Rotating Balloon Radiator Mass Summary (Kg unless 
otherwise noted) 



Condensing 

Vapor 

Liquid 

Envelope 

2,200 

2,200 

Liquid fi'.m 

770 

l,b90 

Liquid cn peripnery 

2 JO 

1,150 

Return pipe with liquid 

160 

1,620 

Center snaft 

400 

tfiO 

Pumps 

50 

500 

Drive motor 

50 

50 

Structure (10%) 

390 

600 

Total 

4,270 

8,610 

Specific mass (kg/kto) 

0.04 

0.09 


material exit and return points can be colocated on the spacecraft 
insteau of at the opposite ends of a long boom. The concept ofrers 
the promise of low mass loss, although some problems with filament, 
breakage need resolution. Tne physics governing the heat rejection 
for tli. filament radiator are very similar to tnose governing the 
liquia-dropiet systems. Table b gives a list of typical performance 
parameters for 100 M* of neat rejection with a filament radi**">r. An 
estimate of the mass of a filament radiator system is shown l.. Table 7. 


SPACE RADIATOR PERFORMANCE 

To nu.ke a meaningful comparison of tne various proposed systems, a 
performance parameter based on radiator mass per unit of neat 
rejection is proposed. Designating the parameter as 2, we can write 

* - M/Q 

Heat rejection from the radiator surface is proportional to tne fourtn 
power of the radiating temperature, 

g - 

wnere both sides of tne surface are considered active. Tnen the 
performance parameter is 


Z * rt/ZAcrcT* 
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TABLE 6 Performance Parameters for a lOO-MW(t) Filament Radiator 


Total thermal capacity (MW) 100 

Filament exit temperature (K) 1000 

Filament return temperature (K) 300 

Filament diameter (m) 7.5 

Filament material (glass) 

flow rate (Kg/s) 140 

Filament velocity (m/s) 100 

Transit time (s) 1 

Total number of filaments 1.4 x 10? 

Number of nozzie oanks required 14,000 


TABLE 7 Filament Radiator Concept Estimated 
Masses for A 100-MW(t) System (Kg) 


Filaments 140 

Melt 500 

Heat exc .*nger 500 

Busnings 300 

Collector 50 

Total 1,490 


Z = (1,490/1 x 105) = 1.49 x 10~2 kg/krf. 


If the surface emissivity can be made close to unity, then the above 
equation simplifies to 


Z - (m/2Asr) (1/ a ' 4 

The first term in the above equation is designated the temoerature 
coefficient and given the symbol C, so that 

Z - C/T 4 


Taoxe 8 lists typical values of C for fin-tube, heat pipe, and 
particle ra itors. The results from Table 8 are plotted in Figure L2 
along with data for proposed radiation systems. Also, data for the 
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TABLE 8 Relative Performance of Radiator Types 



Fin-tube 
Heat pipe 
Particle 


8.11 x lO- 11 92 

1.76 x IQIa 20 

6.97 x lO-LO 7.9 


Where C - 8.82 x xl)9 M/A for the urits indicated. 


large-power advanced systems discussed in tne section on proposed 
concepts are shown. At operating temperatures near 1000 K the 
performance variation between systems is a factor of about 150 based 
on Z. With such potential improvements in performance, additional 
studies are nee^.;d to determine the engineering feasibility of the 
proposed systems. 


CONCLUSIONS 

For space power systems operating in the multimegawatt regime, the 
heat rejection system becomes weight controlling. For example, a 
100—MW(t) heat rejection system operating at 1000 K would have a mass 
of about 20,000 kg using heat pipe technology. The radiator mass for 
this example was taken from Figure 12. The entire system for a 
10-MW(e) power level is estimated to be around 30,000 kg. If one or 
the advanced technologies could be developed, the radiator mass could 
be reduced to around 2,000 kg. Tne total weight for a 10-MW(e) system 
with an advanced radiator would oe around 12,000 kg. Potential weight 
savings of this magnitude are a strong incentive to development of 
advanced space radiators. 
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NOTATIONS 

A surface area of radiating panel. 

C temperature coefficient. 

M mass. 

Q heat rejection. 

T temperature. 

surface emissjvity. 


Stefan-Boltzmann constant. 
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FIGUPJE 1 Fin-tube radiator^ 
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FIGURE 2 LLL heat pipe radiator. 
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FIGURE 4 Convection-heated belt 
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FIGURE 6 Liquid-droplet-radiator components. 
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FIGURE 10 Rotating balloon (disk) radiator. 
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FIGURE 11 Schematic of a filament space radiator 



FIGURE ±2 Comparison of advanced space radiator performance. 
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ARMY REQUIREMENTS AS THEY RELATE TO 
POSSIBLE USE Of COMPACT REACTOR SYSTEMS 


J. G. Prather 

U.S. Department of the Army 
Washington, D.C. 20310 


I have been asked to comment on the potential mission requirements for 
compact reactors in the Army. My comments will be very brief because* 
so far as I have been able to determine, the Army has no potential 
mission requirements for compact nuclear reactors. 

However, the Army does have some encouragement for others who may 
be considering the development of compact nuclear reactors for 
military-relatad missions. 


ARMY REACTOR PROGRAM 

First, let me review tne history of army development and u lb of 
compact nuclear reactors. The Army Nuclear Power Program (Table 1) 
was a Department of Defense/Atomic Energy Commission joint program 
(with tne Army acting as lead agency) for developing nuclear reactors 
to serve military power needs on land. Of the operational plants 
shown in Table 1, Prt-1 was for the Air Force (a remote radar site in 
Wyoming), PM-3A was for tne Navy (in Anarctica), and the other four 
operational units were for tne Army. 

Notice that four of the reactors provided both electricity and 
steam for Bpace heating. It has been suggested that tne Army might, 
even today, have a potential requirement for developing nuclear 
reactors that cojenerate. The Army has already successfully done that. 


The PM-2A Reactor 

Two of the reactors are of special interest. Tne PM-2A was the first 
truly portable nuclear power plant in the world, based on the proven 
design of the SM-1 at Fort belvoir, the PM-2A provided electricity and 
steam for Camp "Century—The City Under the Ice”—in Greenland. Camp 
Century, built by the U.S. Army Corps of Engineers, was constructed 
entirely below tne ice cap surface. The modular construction of the 
reactor was significant. The air-blast coolers, heat exchangers, 
electrical switchgear, turbine generator, condenser, and control 


407 


408 










l I 


I t I 


















h J5 a a 

MM 



to 

a> 

S' 

M 

U 

cu 


H Q 


•• 




409 


center were mounted on separate skids. T t * plant was designed to be 
air-transportable anu assembled in the fit .d within 90 days of 
arrival. (It was assembled, in J.act, in 77 days.) Furthermore, it was 
designed to be removed and reassembled elsewhere. It was actually 
removed in 1964, back to the United States, where most components were 
placed in storage or used as spares; the nuclear cire was used in the 
SM-1 reactor at Fort Belvoir. 

The PM-2A is of special interest because it has oeen suggested that 
the Army might, even today, have a potential requirement for 
developing a modular nuclear reactor that could operate underground at 
some remote command post. The Army has already successfully done 
that. (Incidertly, the PM-1 and PM-3A were also modular plants baseo 
on the SM-1) • 


The MH-1A Reactor 

Another Army reactor of special interest was the MH-1A, a 10-MW 
floating nuclear power plant (Figure 1 ) • Mounted in a noerty snip 
whose power plant nad been removed, the MH-1A was towed to Gatun base 
in the Panama Canal Zone, wnere it provided electricity for several 
years under emergency conditions. It has been suggested tnat the Army 
might, even today, have a potential requirement for developing a 
barge-mounted nuclear power plant that could be towed to those areas 
of the world wnere an emergency need tor electric power might occur. 
The Army has already successfully done that. 


TECHNICAL FEASIBILITY 

The Army nas demonstrated the technical feasibility of developing 
small nuclear power plants to serve our defense needs for power on 
land. Nevertheless, the economic disadvantages of actually operating 
these nuclear plants in comparison witn more conventional means 
resulted in tne eventual decommissioning of ail nuclear plants. That 
is, tne job could be done just as well, and more cheaply, by 
non-nuclear means. 

There may be requirements tnat the Army now nas, or soon wiix have, 
in which the 30 b cannot be done just as well by some non-nuclear means. 


SPACE ASSETS 

The Army has already begun to depend upon U.S. satellites for present 
operations and will become even more dependent: in future years for the 
prosecution of "Airland battle 2000,” the current Army doctrinal 
concept of how the Army will fight (if caned upon) near tne end of 
this century. 


410 


Those satellites, whicn are not Army assets and Cor which the Army 
has no responsibility, need to be both mure powerful and survivable. 
It asy be that skII nuclear power plants—and only nuclear power 
plants—can provide that survivaole power. 


Communleations 

The Army, through the T J.S. Army Satellite Communications Agency, has 
already developed and fielded a family of ground communications 
systems that communicate via DSCS II. With DSCS II and MILSTAR, it is 
expected tnat satellites will operate witn greater beam directivity 
ano with Higher power densities and witn improved antijamming 
capability. That will enable our Army receivers and transmitters to 
be small, nave oaaller antennas, and nave more cnannels availaoie. 


Weather Forecasting 

The defense Meteorological Satellite program is anotner operational 
system tnat will be improved so as to provide tactical commanders 
timely annotated weather maps or reports for use in connection with 
tne threat (or actual use) of smoke, chemical agents, or nuclear 
weapons by the enemy. 


Positioning 

Land navigation and accurate positioning of botn friendly forces and 
the enemy have long been imperfectly attained. Tne Global Positioning 
System (or Navstar) may meet many of our needs. 

War-Zono Monitoring 

War-zone monitoring by satellites equipped with sensors to detect 
chemical and nuclear weapons us* are a possibility. Ground terminals 
located in the war zone could receive data from the satellites 
indicating tne contaminated areas on the battlefield. The launcn of 
tactical and medium-range missiles from tne enemy second echelon could 
oe detected, and the missiles might be tracked. 


Readout of Remote Senors 

Satellite readout of remotely implanted battlefield sensors could 
allow location of second echelon and reserve forces, or of chemically 
or radiologically contaminated areas. 
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Happing 

Lanosat-type imagery could oe useo for engineering support to guiculy 
assess areas for soil trafficability and for selection of routes 
tnrougn swamps, flooded areas, forests, etc* 


Survivability 

As the Army coses to depend upon tnese space assets more and more, it 
becomes more and more necessary that tnose assets be there when they 
are needed and that they can oe seen and neard by us. Tney need to be 
more powerful and jam-proof, and aoove all they need to be capable of 
surviving enemy antisatellite efiorts. Host U.S. satellites depend on 
solar cells for power. These cells may not provide enough power for a 
jam-proof satellite and tney may not oe made survivable enougn. 

The United states nao a space power reactor program for many years, 
but of tne 22 nuclear power space applications between i960 and 19bU, 
only one was a nuclear reactor; the rest were radioisotope 
thermoelectric generators. Table z shows tnat relatively hign power 
nuclear reactors for space applications nave been developed, but tnat 
only SNAP-10A nas been flown. 


bUMHAKY 

In summary, the Army nas successfully demonstrated tnat small nuclear 
reactors can be developed and used in military applications on land. 
However, at the time each was decomiuias onea, continued operation 

could not be justified economically. 

The Army is, nowever, developing a dependence upon U.a. space 
assets wnicn tne Army does not own. Tne Army needs those satellites 
to be, in many cases, more powerful and, in ail cases, survivable. It 
may be that small ruclear power plants should be developed to provide 
tnat power. 
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ADVANCED NAVAL AIM VEHICLES> 
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Mooart H. Knda 
Naval Ale Syataas Comand 
Arlington, Virginia 20361 


414 


415 



tz 


oo 














FIGURE I Agenda 
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MUCH OF THE EMOTIONAL ASPECTS OF THE SAFETY ISSUE 



NUCLEAR PROPULSION FOR ADVANCED AIR VEHICLES APPEARS 
APPROPRIATE ONLY FOR VEHICLES ABOVE A CERTAIN MINIMUM 
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FIGURE 4 Current status (continued), 


TO ENHANCE THE ROLES OF ADVANCED NAVAL AIR VEHICLES 
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SUCH AS - 

• AIR LOITER A/C • SEA LOITER A/C • LTA VEHICLE • WIG VEHICLE 


NEED FOR IMPROVED FUEL EFFICIENCY IN BOTH AIRCRAFT AND 
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FIGURE 7 Propulsion technology. 
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LOSS OF OVERSEAS BASES AND POLITICAL ALIGNMENTS 

AUGMENT SEA LINES OF COMMUNICATIONS IN DELIVERY 
OF RAW MATERIALS 




•12 3 




CD 




CO O 




C/3 


O 
X UJ 



a, 


co 


uj a 


co 

CO 

o 

GJ 

A » 

CO 



CO 



CO 


a co 

Od q 


CJL 


co 

I 


CO 


• • 


o 






^ CD 


GJ 


CO 

CO 


mm I 

CD 


□ CD 5= 




X LU lu o 



UJ 






cn 

a) 

o 

§ 

u 

§ 

J 

u 

u 

♦H 

O 

O' 

c 

•H 

O' 

c 

<TJ 

6 


O' 

a 

§ 






424 






00 


001 

o 

o 


00 

§ 

UJ 


CO 

CO 


00 


00 ^ 
UJ C3 


LU O 



CO 
CO UJ 



00 


CO 


CO OC 



s 

CO 




o 




o 


£ 


00 


ir 

«sr 

o 

oc 


CD 

UJ 

CD 

00 

z 

CO 

3£ 

o 


00 



00 

00 


CO 


00 



00 

3 


af 

8 


8 



o 


U S8 


8 : 


• l 


CO 





OBJECTIVE : ...TO EXAMINE....TECHNOIOGY NOW BEING DEVELOPED.EVALUATE 

EACH POTENTIAL ADVANCED NAVAL AIR VEHICLE IN....LIGHT OF 
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FIGURE 11 Advanced naval air vehicle concept evaluation (ANVCE). 
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THESE OBSERVATIONS CONFIRM WHAT IS GENERALLY 
ACKNOWLEDGED, THAT CONVENTIONAL POWER PLANTS AND 
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THE GUIDELINES TO OPTIMIZE ADVANCED AIR VEHICLES ARE 
THE OPERATIONAL REQUIREMENTS THAT ARE DRIVEN BY SUCH 
FACTORS AS THREAT, ESTIMATES OF PROBABLE AREAS OF 
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FIGURE 14 Comments (continued) 



THE FULL EXPLOITATION OF THE UNIQUE QUALITIES OF VARIOUS 
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FIGURE 16 Comments (continued) 


NUCLfcAK POWER t'UH nX MISSILc. ULU* BASING 


Lt. Col. James bee 
Air Force Weapons Laboratory 
Kirtiand Air Force base, New Mexico b7ii7 


On October *, 19bi, tne President of tne Unitea States oisapproveu the 
horizontal, multiple protective sneiter basing scneme tor tne riX 
missile and directed tne Air Force to consider other basing options. 
Tne Air Force established tnree major studies to aaoress basing MX in 
aircrait, in closely spaced silos ("bense Pack"), and in tunnels deep 
underground. Tne purpose ot tnis paper is to discuss tne preliminary 
results ot a power system study performed by the Air Force Weapons 
LaooTdtory (AFWL) , Oa* hiuge National Laooratory (OKNLj , anti Los 
Alamos National Laboratory (LANL)• This study is audressing the 
crucial issue of now nuciear power inignt provide adequate, survivabie 
power for the deep basing complex. 

Some discussion of tne rationale of the deep basing concept is 
necessary to understand tne results of tne power study. Soviet ICbrt 
accuracy nas progressed to tne point that our Minuteman missij.es are 
extreme y vulnerable, and we must seen extraordinary basing options to 
guarantee survivability to urst striKes. One metnoa to achieve 
survivability is to place our missiles at a location tnat allows 
adequate "stano-off" rrora tne eitects of incoming weapons anu thereby 
increase j tne survival probability of the system. Given Soviet CbPs 
(circular error probable), the only way to acnieve the requisite 
stand-orf is oy placing the missiles deep underground witn the proper 
covering geology to optimize attenuation or tne weapon-inuuceu ground 
snocK. beep basing as a concept also provides the grouno-basea leg of 
tne strategic offensive triad an ensuring secure reserve rorce tnat 
woild be lacking in tne oen&e Pack concept, beep basing would h^ve up 
to a one-^ oar survivaoiilty anu could put at great ns* Soviet 
population anu industry. It would provide megatonnage exchange ratios 
witn tne Soviet Union at least 10 times tnat oi tne multiple 
protective shelter concept (Keitner anu biament; 19b2). 

An illustration ot now a ».»eep basing site would look is shown in 
Figure 1. Missiles, support facilities, and egress devices would be 
placed approximately 2,000 ft under a jarge mesa in nardened tunnels. 
Tne complex would operate in so’ne ways like a land-locked submarine. 
Tnat is, the tacility nust ue aoie to "Dutton up," support itsext 
internally for up to one year, and finally egress missiles to launch. 
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button-up period to ensure equipment availability, maintain crew 
training, and contuse tne enemy as to actual egress t iAU«vj (Peters, 
1982)• Our thinking about the ueep basing concept centered around the 
squadron as a basic unit. Eacn squauron would have men ana equipment 
as si*own in Figure 10. 

Power requirements are obviously very sensitive to assumptions at 
this point. Figure 11 is our estimate of the power requirement per 
squadron for this facility. The 0.4b is a power factor to account for 
the fact that all power consumption devices would not be operational 
simultaneously. Tne 4.6-MW requirement for missile launchers and 
other TEL equipment is keyed to tne inclined egress concept. This 
requirement is a strong function cf tne angle of the egress tunnel, 

Tne 5-MW total requirement is significant in that it means such power 
concepts as fuel cells would have enormous reactant storage 
requirements, which would be difticult to mak» safe and survivable to 
the assumed weapons threat. This requi ement is also significant in 
that it is a small requirement for concepts as r.uclear reactors 

and could probably be met with small, safe, a~<d relatively simple 
reactor concepts. 

Betore presenting tna results of some of our studies, sora* 
preliminary caveat:, are in order. First, this paper is int*Md*d to 
iJ lustrate how compact reactors may be »seful to special DUD 
applications, and not to advocate deep casing or nuclear power. 

Second, the Air Force Weapons Laboratory (AFYfL) , Oak Ridge National 
Laoora;ory (OKNL), ana Los Alamoc National Laboratory (LANL) were 
tasKeu by the BMO to assess tne reasioility of nuclear power for the 
aeep basin; concept. They could not, within the modest scope of this 
study, address tne best system or develop point designs. Much work 
remains to convert their ideas to real designs. Third, we from the 
start assumed that it would be impossible or too expensive to design 
and construct a single superhardened power facility capable of 
withstanding the expected nuclear weapons environments. We therefore 
approached the study with the assumption that system survivability 
could aiso oe obtained by a series of redundant, interconnected power 
tacilities with a survivable power distribution network. 

An example of how tne power distribution system could be configured 
to achieve survivability is illustrated in Figure 12. This 
"distributed hybrid" system, conceived by Lt. David Peters, AFWL, 
could provide the required power system survivability (Peters, 1982). 
The types of power plants are unspecified, but miuht be a combination 
of nuclear reactors or reactors witn fu*l cell plants. Such 
distribution systems would be expensive, since very sophisticated 
electromagnetic pulse (EMP) protection would also have to be provided 
against tne large expected LMP environment even at 2,000 ft oi depth. 
Our study indicates that tne distribution system may be the most 
duficult pert or the overall power survivability question. 

Los Alamos National Laboratory was tasked to address ight water 
reactor concepts tnat would be feasible for the deep basing power 
system. Their study (Los Alamos National Laboratory, in preparation) 
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displays much creative thinking about survivable light water reactors 
vLWR). LANL workers concentrated on tne following four LWRs, on the 
assuiqption that an early start date for the deep basing system meant 
no new reactor concepts could be developed: 

o Naval reactor 

o Down-sizea commercial reactor 

o Array Package Power Reactor (APPR) 

o Horizontal pressure tube reactor. 

Naval reactors were of gre«?t* interest to the study group, but since 
the Navy would release no sum \v?bility data to LANL, and since these 
reactors might not be available 1 cue to Navy priorities, naval reactors 
were not seiecttd as tne baseline design for the study. The Army 
Package Power Reactor was found to be simple, portable, relatively 
inexpensive ($333 million), and easy to ouild in modular plant 
concepts. Some of LANL 1 s findings are included in Figure 13. Figures 
14 and 15 illustrate one concept to fit the reactor in the presenoed 
18-ft tunnel and how such modular reactors could be connected to form 
a redundant, survivable power system. From the results of this stuuy, 
I conclude LWRs are a feasible, inexpensive (with regard to total 
life-cycle costs) option to power deep basing of missiles. 

Oak Ridge National Laboratory was tasked to study the feasibility 
of using high-temperature gas-cooleo reactors (HTGR) for powering this 
concept. Again, survivability issues led the study group 
independently to a small, modular, redundant reactor concept. Figure 
16 (Oak Ridge National Laboratory, in preparation) summarizes the ORNL 
findings. Figures 17 and 18 are schematics of now the system might 
look. The ORNL workers chose a nominal power level or 15 MW(e) as 
reasonable, tracing off power requirements, redundancy, and cost. A 
vertical in-line design was chosen so as to minimize piping 
connections (for survivaDility) ano enhance natural circulation for 
cooling in case of loss of helium circulators. A steel pressure 
vessel was selected in lieu of a prestressed concrete vessel to allow 
the system to tit in tne alloted 18-ft tunnel. The fuel selected was 
highly enriched ^35y encased in 6-cm-diameter grapnite "peoples" 

(Oax Ridge National Laboratory, in preparation). The reactor would 
consist of approximately 86,000 such "pebbles," randomly stacked. 

This concept is very similar to that embodied in the operational AVR 
reactor in tne Federal Republic of Germanyy. This core design will 
enhance survivatility in that displacements to the reactor vessel will 
not destroy the core geometry. ORNL has estimated overall cycle 
efficiency at 30 percent or greater tor their base-line design. A key 
feature of this HTGR design is that it has such a large negative 
temperature coefficient that the operators can literally walx away and 
the reactor will be safely shut down. I consider this a key feature 
for a facility subject to nuclear weapons attack. The ORNL concept 
offers great promise and should be vigorously pursued if deep basing 
is selected as a concept. 
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The Air Force Weapons Laboratory is participating in this study by 
addressing the questions of reactor component survivaoiiity and tne 
process by which the Air Force might gain approval to build and 
operate a nuclear reactor for this facility. We have found that 
little data exists for power components in these rather severe 
environments. From limited data associated with tne Safeguard ABM 
System, we nave tentatively concluded that without special shock 
isolation techniques, almost all power cos^onents would fail in these 
environments. AFWL nas only scratched the surface in this area, and 
much work is left to be done. 

With regara to gaining approval for the plant, AFWL has begun to 
gather some very preliminary information on the process ana s^ope of 
effort required for DOD to build and operate a reactor plant. A 
recent report by the NUS Corporation (Pike and O'Reilly, 1982) for DOE 
has graphically illustrated the impact on plant construction if the 
DOD chose to let the Nuclear Regulatory Commission (NRC) license DOD 

plants. The incremental required safety effort in licensing the plant 
through the NRC could exceed 60 man-years and aad years to the plant 
availability date. The NUS Corporation feels that DOD would be exempt 
from the NRC process under Section 91 of the Atomic Energy Act. I 
feel a more reasonable approval process for the Air Force would be 
modeled on the naval reactor program, in which the Navy provides 
safety analysis reports and asks for tne NRC's advice. Tne NRC review 
in that case is advisory in nature and carries no mandatory provisions 
(Pike and O'Reilly, 1982). This process avoids the problem of public 
meetings on national security systems. 

Another model may oe tne Interagency Nuclear Safety Review Panel, 
which was established to review for the purpose of approval by the 
President of the use of nuclear materials in the aerospace 
environment. This process is summarized in an excellent recent 
article by Dr. Gary Bennett (1981) of DOE. A similar panel could be 
formed for terrestrial nuclear power requiring presidential approval 
for construction and operation. Thib entire area is not well defined 
for DOD procedurally and needs much attention if DOD is serious about 
terrestrial nuclear power. 

In summary, we have studied compact reactor sources for a 
specialized DOD application, deep basing of the MX missile. We have 
concluded that botn LWRs and HTGRs can meet the power requirements and 
probably meet the survivability requirements for the hostile 
environments of this system. Both types of reactors will probably be 
employed in a modular, redundant manner to enhance survivability of 
the power system. An enormous amount of work remains before DOD can 
decide to really build a reactor system. A major effort is needed to 
address reactor component survivability and approval procedures. 
Finally, these studies are by no means definitive but are illustrative 
of the analysis of a potential DOD terrestrial mission for two reactor 
concepts. I am confident we can make this technology work to meet any 
DOD requirements for enduring, survivable power. 
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FIGURE 3 Inclined egress/clustered configuration: egress shaft detail. 
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FIGURE 5 Craters and debris 
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Figure: ID Composition of deep based MX missile squadron. 
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GURE 13 features of power system using Army Package Power Reactor ^APPK). 
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15 Conceptual layout of reactor:.* and conversion system for APPR. 
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FIGURE 17 Conceptual design of HTGF primary system 
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FIGURE 18 


Preliminary HTGR system arrangement 







POTENTIAL, mission requirements 
FOR NUCLEAR REACTORS AND ALTERNATIVES 
IN SPACE AND PROPULSION APPLICATIONS 


Preceding page tfoik 


OUTLOOK FOR SPACE NUCLEAR POWER DEVELOPMENT 


G* L. Cmpian, Jr* 

U.S. Department of Energy 
Washington, D.C. 20545 


INTRODUCTION 

I am pleased to open tnis second session, which focuses on the 
potential mission requirements for nuclear reactors and alternatives 
in space power and propulsion applications* However, oefore we Iook 
further at mission requirements, it seeas appropriate to consider the 
outlook for space nuclear power development, which is my topic tnis 
morning* In my formal paper, I descnoe m some detail the 
background, current status, ana future thrust of the space nuclear 
power aevelopment program* (See the appendix following tnis paper*) 
This morning, of course, 1 will only be aoie to briefly review tne 
major areas of tne paper. 


OVERVIEW 

As snown in Figure 1, a large number of nuclear power systems nave 
been successrully used in space over tne past tnree decades* Tnere 
have been 23 missions in wnich tne Department of Defense (DOD) or the 
National Aeronautics and Space Administration (NASA) nas used nuclear 
power supplies furnished by DOE or its predecessors* Clearly, DOE has 
oeen, ana continues to be, the government organization responsible for 
space nuclear ^ower development. We are very proud of our record in 
providing reliaoie ana safe space nucxear hardware to meet botn 
military ana civilian mission goals m a timely manner. 

A summary of these nuclear missions is shown in TaDle i. The 
history of these developments is interesting in its own ngnt. The 
engineering developments curing ana following Wot id War II gave rise 
to great advances in tnree new areas of technology: (i) electronics, 
(2) rocketry, and (3; nuc«.e^r power. Studies in the late 1940s, such 
as the Air Force's Projec eedback, suggested the merger of these 
technologies tor nuclear-pc ~ered spacecraft* The Atomic Eneroy 
Commission (AEC), a predecessor of DOE, initiated a series of studies 
in 195^ specifically to address the feasibility of powering spacecraft 
with nuclear devices* Parallel studies were conducted on the 
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feasibility of using nuclear power for the propulsion system. Out of 
this study phase came several joint AEC/24AbA and Ac£/L>OU programs to 
investigate tne use of nuclear systems tor power and/or propulsion ot 
spacecraft. Tne government has long recognized the neeu for naving a 
nuclear power capability in space. Tms encouragement of nuclear 
research ana development was codified in tne Atomic Energy Acts of 
x94b anu 1954, as amended, wmen assigned to the AbC tne 
responsibility to conduct, assist, and foster a program ot researen 
and development to encourage the widespread participation in tne 
development arid use ot nuclear energy. In tms way. Congress and the 
President focused the nation's efforts in the nuclear area, defined 
tne separation of powers, and ensured tne safe control of the special 
nuciear material needed for these research and development programs. 
This concentration of nuciear responsibility continues with the Energy 
Reorganization Act or 1974 and tne Department of Energy Organization 
Act of 1977. 

From this farsighted planning by the Congress ana tne executive 
branch, L>Oh and its predecessor agencies have been able to provide 
NaSa and bob with ail of their space nuclear power supply needs, in 
carrying out its charter, a large number of programs have been 
conducted by DOE to satisfy various power ranges. Looxing to the 
future, it is apparent that a bread range of power outputs and 
lifetimes will need to oe considered for the growing spectrum of 
potential mission needs, whicn are depicted in Figure 2. 

Tiie functional missions flown to date have required low power and 
long life, and these needs nave oeen met by using radioisotope 
thermoelectric generators, or RTGs. As future power needs rise to 
1 kW(e) ana above, the higher conversion efficiencies of dynamic 
electric conversion systems will become increasingly attractive, 
making tnera the preferrea power system. This is apparent when we 
recognire that conversion efficiencies of 15-25 percent are possible 
witn dynamic systems compared to only 5-10 percent for thermoelectric 
systems. In an efrort to capitalize on this advantage, a ground 
prototype system of tne Dynamic isotope Power System (DIPS) has been 

built and operated for 5,000 nours. At a power level of about 10 
KW(e), tne increasing inventory of fuel needed in the DIPS will make 
reactor concepts tne preferred system. At 25-kW(e) and above, reactor 
systems become tne most attractive in cost, mass, and size among all 
competing power systems. 

Figure 3 depicts tne various neat source types and conversion 
system options tor the power ranges graphically shown in Figure 3. I 
win be discussing many of these with you this morning, beginning with 
tne RTGs. 


Radioisotope Tnermoeiectr ic Generators 

The RTG power system has been a cornerstone of the space nuclear 
program. As I am sure you know, RTGs were used by cur astronauts on 
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TAbLE 1 buraraary of Space Nuclear Power Systems Launched by tne United 
States (1961-1980) 


Sower 

Source! 

Spacecraft 

Mission Type 

Launch Data 

Statue 

aur-M 

Transit 4A 

Meelgatloaal 

June 29, 19S1 

Successfully 
achieved orbit 

■MAP-IA 

Transit 4B 

navigational 

Moe. IS, 1941 

Succeaefully 
achieved orbit 

aur-M 

Tiaaslt-SSH-l 

Navigational 

■apt. 2S, 1941 

Suoceeafully 
achieved orbit 

■MAP-9A 

Traaalt-SSM-2 

navigational 

Dsc. S. 194) 

Suoceeafully 
achieved orbit 

sur-M 

Transit-***-) 

navigational 

April 21, 1944 

alesion aborted) 
burned up on 
reentry 

■MAP-10A 

(reactor) 


M^eilaental 

April 2, 1945 

Successfully 

achieved oiu.t 

SMAP-19S2 

Nlaoua 111 

Meteorological 

April 14, 1949 

Succeaefully 
achieved orbit 

■NAP-27 

Apollo 12 

Lunar 

MOV. 14, 1949 

Succeaefully 
placed on 
lunar surface 

SNAP-27 

Apollo 1} 

Lunar 

April 11, 1970 

Mias Ion aborted 
on way to soon. 

■eat aouroe 

returned to 

South Pacific 
Ocean 

SMAP-27 

Apollo 14 

Lunar 

Jan. 21, 1971 

Successfully 
placed on lunar 
surface 

■MAP-27 

Apollo IS 

Lunar 

July 24, 1971 

Succeaefully 
placed on lunar 
surface 

■MAP-19 

Slooeer 10 

Plans tary 

March 2. 1972 

Suoceeafully 
operated to 
Jupiter and 
beyond 

■MAS-27 

Apollo IS 

Lunar 

April 14, 1972 

Suoceeafully 
placed on lunar 
euiface 

Transit- 

KTC 

transit 

(TUI AD-01-LX) 

navigational 

■apt. 2. 1972 

Succeaefully 
achieved orbit 

■MAS-27 

Apollo 17 

Lunar 

Dsc. 7, 1972 

Succeaefully 

placed on lunar 
sur face 

■MAS-19 

Slower U 

Pinas tary 

April S, 197) 

Successfully 
operated to 
Jupltei and 
Saturn and 
beyond 

■MAS-19 

Viking 1 

Mara 

Aug. 20, 1975 

Suocaeafuly 
landed on Mars 

■MAS-14 

Viking 2 

nara 

■apt. 9, 1975 

Succeaefully 
landed on Mere 

MW 

LBS S 

Oommu alcat Iona 

March 14. 1974 

Succeaefully 
achieved orbit 


LSS 9 

Oosnunic* 11 ana 

March 14, 1974 

Successfully 
achieved orbit 


voyager 2 

Plana tary 

Aug. 20, 1977 

Suoceeafully 
operated to 
Jupiter end 
Saturn and 
beyond 


Voyager 1 

?lanataiy 

■apt. 5. 1977 

Successfully 
operated to 
Jupiter end 

Saturn and 

iJMAS stands 

for Syataaa fc: 

Huclaar Auxiliary 

Mower. All odd-n 

tutor red 

■MAS power 

plants uae radioisotope fuel Seen-nunbered SMAS | 

power plants 


haw* nuclear fission reactor a aa a aourc » of beat. MW a tan la f <x tne 
Miltlhundred Matt BTC. IMM atAnd a for Lincoln BxperlMantal Satellite. 


h 6. Sennett, Overv.ew of Ua O.S. Plight Safety frofraa, 
23(4). 424. 19S1. 


1. Safety, 
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the lunar surface, with excellent reeults. As illustrated in Figure 
4 , they nave also been used by NASA in various interplanetary 
missions, including those to Jupiter, Saturn, ana the Martian surface, 
and they have been used dv UGD for military applications, lixe LLS 
8/9. These programs, as well as the current RTG programs for NASA's 
Galileo ana Solar Polar missions illustrated in Figures 5 and 6, have 
given DOS a great deal of experience in maintaining the technical and 
programmatic interlaces w;th a user agency. 

Tne isotope tnerroelectr ic generator program continues to progress, 
as illustrated in Figure 7. Under development are tne nuciear power 
units to be launched aboard tne NASA Space Shuttle in 198b tor tne 
Gameo and tne International Solar Polar missions. 

Figure d shows tne progress made in the isotope thermoelectric 
power systems and the objectives bob n*s set for tuture development. 

As you can fee, there is a steady progression in power, efficiency, 
and specific power. Tne latest generation of RTG technology 
development for potential use m U.S. space missions beginning in the 
19bb time trame is tne modular isotope thermoelectric generator 
(M1TG). It has been estimated that about $45 million and 4 years 
would oe required to complete tne research and technology vernication 
phase of this advanced RTG system featuring nodularity and greatly 
increased specific power. 


Dynamic Isotope Power Systems 

To meet potential bOD future space missions forecast in the 1- to 
z-kW(e) power range, DOS eiuoarkea on a development program to evaluate 
dynamic conversion systems tnat combine a radioisotope heat source 
wicn a rotating turbine/alternator system. This type of system, 
depicted in Figure 9, can yield efriciences approaching 18-25 
percent. To date, pro.otypic equipment has been operated in excess of 
5,000 hours in a space vacuum. Approximately $20 million was spent 
during tne course of this program. Tne flexibility of tms type or 
space isotope power system in mating witn tne spacecraft is 
illustrated in Figure lu. Tne Nuclear Integrated Multimission 
Spacecraft (NIMS) can accommodate four major identified DOb mission 
categories, i.e., communications, surveillance, navigation, and 
meteorology. It has been estimated that approximately $40 million ana 
aoout J years would be required to qualify this system for space 
flight. 


Space Nuclear Reactor Power Systems 

As we previously discussed, in oroer to meet nigner mission power 
requirements, nuclear reactors would be required. From the mid-1950s 
to J<*73, the AbC carried out an active space reactor power system 
development program tnat focused on some nine concepts, including 
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o zirconium nyoride reactors 
o liquid-metal-cooled reactors 
o nuclear rocket—Rover/NEKVA 
o boiling metal reactors 
o gas-cooled reactors 
o thermionic reactors 
o dynamic and static power conversion. 

For brevity, I will review only three of tnese, but a more detailed 
discussion can be found in my formal paper (see appendix). 

I am sure tnat you rave frequently heard of tne SNAP-10A reactor 
tnat was launched in 1965—tne only U.S. reactor to fly and the first 
in the world, but 1 am not sure if you are aware of the fact that a 
duplicate reactor was successfully ground tested for 10,000 nours. 
This program was part of a broader zirconium hydride reactor 
development effort, illustrated in Figure 11, which gives some 
perspective of the extent of tms program. 


Rover/NERVA 

Perhaps tne most challenging application of nuclear energy to 
spacecraft was the nuclear rocket program. Glenn T. Seaborg summed up 
the challenge as follows: "What we are attempting to mate is a 
tlyable compact reactor, not much Digger than an office desk, that 
will produce the oower of Hoover Dam from a cold start in a matter of 
minutes. M 

Tne United States carried out an ambitirus research program from 
1955 to 1972 aimed at developing a capability to use nuclear power for 
rocket propulsion, and some lb reactor systems were bunt and 
operated. This program, wnich was jointly managed oy the Atomic 
Energy Commi»aion/Unitea States Air Force (AEC/USAF) and AFC/NASA, 
demonstrated a number of important fi»sts in space nuclear 
technology: (1) multiple-start capability, (2) peak power of 4,200 

MW, (3) 60-min continuous operation, sufficient for many space 
missions, at a gigawatt power level, and (4) ability to start on its 
own power and operate stably over a wide range of conditions. From 
this research evolved tne Nuclear Engine ror Rocket Vehicle 
Applications, cr NEKVA, tnat was designed for use on a reusable 
nuclear shuttle. NERVA was to produce 75,000 lb of thrust at a 
specific impulse of 825 s—twice the specific pulse of the best 
chemical rockets. Such a capability translates into larger payloads 
and snorter flight times. Furthermore, NERVA offered the possibility 
of producing 15-25 kW of power for hotel functions during tne coast 
phase of the mission. 

Tne Rover/NERVA program demonstrated again that several government 
agencies can cooperatively work together to apply nuclear technology 
to spacecraft and that nuclear power can provide a quantum leap in 
performance improvement over more conventional systems. 
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Thermionic Reactor 

In a more exotic vein, the tnermionic reactor was a concept for 
converting heat to electricity inside a reactor core using the 
thermionic process* it can cover the range from a lev/ Kilowatts to 
several megawatts of electric power, out the emphasis in the last 
several years of activity was on a 120-kW system suitable for space 
propulsion missions* 

The A EC program began in fiscal year (FY) 1959 with support of the 
Los Alamos Sjientiiic Laboratory "plasma thermocouple." The AEC and 
NASA tnermionic efforts were administratively combined in FY j. 971, 
witn NASA assuming the responsibility tor systems studies and support 
technology. 

All U.S. space reactor development programs were terminated in 1973 
because of budgetary pressures ana manges in user interest. 
Subsequently, a DOD/Energy Researcn and Development Administration 
(ERDA) Space Nuclear Application Steering Croup was organized in 1975 
witn the objective of establishing and maintaining the necessary 
management interface and communication channels between DOD ana ERDA 
for the purpose of ensuring the effective and efficient military use 
of nuclear energy foi space ana other directly related applications. 

In concert with the steering group, an Advanced Space Power Working 
Group was established and provided a report m 1977. This report 
assessed DOD potential missions and the various space power 
technologies. The report formed tne basis for DOE to enter into a 
5-year space reactor technology piogram beginning in 1979 at 
approximately $2 miiiion/yr. At that time, DOD space system power 
requirements appeared to be in the 10- to 100-kW(e) range. Tne 
technology development program focused on a reactor system concept 
called Space Power Advanced Reactor (SPAR). 

In 1981, while DOD decided to continue to study its mission 
applications ana could offer no direct support, tne NASA mission 
models indicated tnat 100 kW(e) could provide a suitable power level 
for both outer planetary and earth orbital missions. The work 
associated with the power conversion subsystem was planned to be 
conducted by NASA, while the efforts on the reactor subsystem would 
continue to be conducted by DOE witn NASA support. In FY 1982, with 
NASA support, the reactor development program was tailored to NASA 
objectives that identified a number of mission considerations for 
thelOO-kW(e) power system, and tne effort wa^ redesignated the Space 
Nuclear P.eactor Power System Technology urogram (LP-100) . 

Since the summer of 1981 we nave experienced a renewed interested 
Dy DOD in both the Kilowatt and the megawatt power ranges. Some of 
tne reasons for tne renewed military interest are shown in Figure lz. 
ms you can see, nuclear power enhances survivability against nuclear 
attack, laser attack, ana antisatellite attack. It also makes it 
practical to provide tne payload with high power, which enhances 
survivability by permitting higher orbits, more ground links, Harder 
electronics, smaller antennas, and mobile grouna receivers. Nuclear 
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power also provides tne spacecraft with an improved field of view and 
improved pointing accuracy and permits undegraaed operation in the /an 
Alien radiation celts. 

To me~t the growing user interest, DOE has establisned an Office of 
Space Reactor Projects, as shown in Figure 13. As you can see, this 
office wilJ report directly to ir.e, and through me to the assistant 
secretary for nuclear energy, Tne Office of Space Reactor Projects 
will be responsible for tne activities nstea in Figure 14. The 
near-term efforts of tne ofnee will focus on a review of past and 
present space reactor deve’ ^ment activities. A variety of 
technologies will oe examined f.o ensure that reactor development 
efforts to follow will empnasize tnose concepts *ith the highest 
possible likelihood of successful mission perfor.-ance. This review 
effort will tnen form tne oasis of a space reactor technology plan 
that will be coordinated and agreed upon with user agencies and Vtiii 
be updated on a regular basis. I want to emphasize that this office 
will be responsible only for the reactor development! 

In the context of the reevaluation process, it is important that an 
extensive review be made of the various reactor technology options, 
iisted in Figure 15. As part of this process, Rocxwell International 
is under contract to DOb tc conduct a two-pnase program, which is to 
be compJet^d in about o months. Pnase I activities inciuue the 
coi lr r ». and assessment of space nuclear reactor power systems 
information. Phase II efforts would include tne collection and 
validation of mission requirements, along with the synthesis of the 
pow-'r systems analysis data, and culminate in a development schedule 
and recommended program plan acceptable to the user agency. 

The present program at Los Alamos National Laboratory iLANL) is 
focused on tne Heat Pipe Reactor (Figure 16). The reactor core is 
cooled by 120 iitnium heat pipes witn Mo-Re wails and fins. The 
spaces between the fins are filled witn UO2 fuel wafers. Figure 17 
illustrates the overall neat pipe reactor (HPR) power system. The 
core neat pipes extend past the shiel'** through the wnole length of 
tne power system. The generated hi . transferred by radiation from 

the central pipe bundle to tne tnerrauc .ectnc converters mounted on 
tne radiator panels. Radiative coupling eliminates most connections 
between the reactor system ana the conversion system and facilitates 
technical ana organizational separation of the two development 
programs. The key reatu-es of tne HPR design are summarized in Figure 
18, ana Dr. Boudreau from LANL win describe this program in some 
detail later in the conference. 

It is planned to continue this HPR development program, and if 
adequate funds are tortncorair.g from NASA, current plans call for 
completion of tne "critical technology development phase" oy the er.a 
of FY 1586, at which time a Key decision will be made whether to 
proceed into a "ground engineering system prase" for the HPK system. 

Mission analyses, only now beginning in earnest by user agencies, 
may direct us away from tne HPR concept or may result m parallel 
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development of more tnan one reactor concept. What is important is 
that we maintain program integrity while missions are oeing defined. 

As I noted previously, one of the early activities of the Office of 
Space Reactor Projects will be to reevaluate past ana present space 
reactor activities for relevance to future neeas. This review will 
focus on those technologies that offer a contribution to future 
high-technology systems. For example, the ZrH reactor systems are 
limited in temperature ana power density capabilities and do not 
appear to offer much in reactor core technology for the future. Many 
reactor systems appear to snow more promise, and we will oe actively 
evaluating rotating- ana fixed-bed reactors, high-temperature gas 
reactors, liquid-met-* 1 systems, fluid-fuel systems, as well as ^ range 
of power conversion tecnnologies. 

In order tnat DOE might carry out its function to Develop ana 
deliver the space power systems needed m ' future, it is extremely 
important tnat detailed and chorough mission assessments oe 
accomplished in a timely manner. In addition, it is also important 
that the nuclear reactor power system technologies assessment be 
earned out to permit tne necessary trade-offs between the mission 
studies ana the analyses of spacecraft systems anu power supply 
suosysteras. This process is generalized in Figure 19. Only by using 
tnese trade-off studies can one select the appropriate nuclear reactor 
power system technologies for development to yiela a high probability 
of meeting tne user agencies' needs. It is fitav that a space nuclear 
power capability will require the consideration of many technical 
alternatives, and what we need is a clear definition of missions and 
power neeas. 

As summarized in Figure 2U, DOE has been cnargea with the 
responsibility or space reactor aeveiopment, and we have had years of 
experience with th* development of many specialize reactors 
prototypical or space nuclear power systems. This work has been 
accon.piishea tnrougn ;be eftortt. of many people—managers, engineers, 
craftsmen, technicians—in tne national laboratories ana in private 
industry. National laboratories tnat nave been particularly active in 
the field of sp^ce nuclear power inciune Los Alamos, Oak Ridge, 
Savannah River, Braokhavtn, Livermore, Argonne, Sandra, Hanford, Idaho 
National Engineering Laboratory, the Mound Facility, and the Applied 
Pnysics Laboratory. Industrial participants range from very large to 
quite small and include General Llectri , Westinghou.se, Rockwell 
International, z\«rojet, General Atomic, TRW, Theuuo Electron, Teledyne 
Energy Systems, NJS Corporation. FaircniJa Industries, and many 
others. These widespread activities navn created o'rer the years a 
large ana diversified population oi technical experts with interest 
ana experience in advanced nuclear power systems. Tnis -esource ic 
waiti...^ to oe reengaged and redirected in a new effort to put nuclear 
power to work in space. 
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v US active on studies and development of Space Nuclear Power end 
Propulsion since 1951. 

• 36 Nuclear Power Systems successfully flown on 23 DOD and NASA 
missions. 

• All but one system were RTGs, Radioisotope Thermoelectric Generator. 

e Unlike USSR, the US has only flown one reactor in space, the 500-watt 
SNAP-10A in 1365. 

• Many other, higher-powered systems under development by DOE were 
terminated short of flight tests, because of budgetary pressures and/or 
changes in user interest. 

e Pursuant to the Atomic Energy Acts of 1946 and 1954 and the Energy Acts 
of 1974 and 1977, the above programs were conducted by DOE and its 
predecessors, In cooperation with the DOD and NASA user agencies. 

e With current renewed interest, OOE stands reedy to cooperate with DOD 
and NASA to continue supplying them with all of their space nuclear cower 
supply needs. 


FIGURE 1 Summary or U.S. space nuclear power development (1951-prssent). 
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Space nuclear power and evolving mission requirements. 
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FIGURE 3 Space nuclear power options (for the power ranges shown 
in Figure 2). 
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Thermoelectric applications: Galileo mission. 
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FIGURE 6 Thermoelectric systems: International Solar ’.olar mission. 
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FIGURE 7 Progress in the radioisotope thermal generator program. 
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Trends in RTG technology. 
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Flexibility of DIPS in matinc with spaceciaft. 
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MILITARY UTILITY IN SPACE 

WHY NUCLEAR POWER INSTEAD OF SOLAR? 

Because it enables survivability and endurability of the military spacecraft and 
its associated ground system, by providing: 

• Survivability against nuclear attack (JCS) 

Hardness against therms’ shocks from x-ray bursts 

• Survivability against laser attacks (SMATH) 

Not sensitive to resultant temperature rise 

• Rapid maneuverability to evade anti-satellite attacks 

Rugged structure 
No delays for fold-up 

• Higher power for improved mission performance: 

- more usable payload 

- higher orbits, harder to attack 

- more ground links, harder to jiim 

- harder electronics, less vulnerable 

- operation in van Allen Delts without degradation 

- smaller antennas. Amplified designs 

- small and mobile ground receivers for improved survivability 

• Small size, improved field of view, improved pointing accuracy 

Space Nuclear Power is the critical path for improved multi-service 
warfighting capability 


FIGURE 12 Reasons for DUD interest in space nuclear systems. 
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FIGURE 13 DOE organization. 
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• Directs all aspects of the development of advanced space reactors for use 
with nuclear power systems for future DOD and NASA missions. 

• Develops, plans, and manages resources for the effective accomplishment 
of goals and objectives. 

e Develops the reactor and materials technology to meet anticipated user 
requirements. 

• Interfaces with DOD and NASA to identify missions and coordinate 
overall power system development. 

• Directs quality assurance and quality control efforts to assure consistency 
with DOE and other agency requirements. 

e Conducts necessary safety technology to assure adequacy of design with 
respect to safety and personnel exposure. 


FIGURE 14 Responsibilities of the DOE Office of Space Reactor Projects. 
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• Active Programs: 

• HPR - Heat Pipe Reactor: 

U0 2 fuel wafers and Mo/Re fins 
Cooled by lithium heat pipes 
Radiating to thermoelectric converters 

• FBR - Fixed Bed Reactor: 

Graphite-coated UC microspheres 
Fixed annular fuel bed 
Helium coolant, Brayton cycle 

• RBR - Rotating Bed Reactor: 

Same as FBR, except for fluidized fuel bed 
Rotating reactor core 

• Other Options: Thermionic Conversion, Rankine Cycle, MHD, Gas Core 

• Power Range: 

• HPR limited to lower power levels (e.g., < 500 kw(e)) 

• Other options best for higher power levels (megawatts) 


• Final design selection will depend on results of ongoing and planned 

studies under SP-100 program. 

♦ 


FIGURE 15 


Space reactor alternatives. 
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FIGURE 16 Cutaway view of Los Alamos National Laboratory HPR system. 
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• 100 kw(e) power system: 

Design scalable to lower and higher power levels 

• Valuable experience base: 

Much of technology applicable to multi-megawatt systems 

• Fast reactor: 

For compactness and long system life 

• Heatpipe-cooled: 

For redundant heat transport 

• Radiative coupling: 

Simplifies technical and programmatic approach 

• Thermoelectric converters mounted on radiator: 

Simple, proven technology; High redundancy and modularity 

• Lightest system at low power levels 


FIGURE 18 


Key features of the HPR design. 
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FIGURE 19 Basic steps in system planning and development. 
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• DOE is the US agency responsible for nuclear reactor development. 


• Over the past 25 years, DOE has expended ~ S1.5 billion on space nuclear 
developments; about half on nuclear power and half on nuclear propulsion. 


• it has developed 38 nuclear systems which were successfully used on 23 
NASA and DOD space missions, and has bee~ involved in many other 
space power technology programs. 


• As the result of this experience, DOE personnel and support laboratories 
have developed a unique understanding of the pertinent technical, 
managerial, and flight safety issues. 


• DOE looks forward to continued cooperation with DOD and NASA, to 
supply their nuclear reactor needs for future applications. 


FIGURE 20 Summary of DOE nuclear reactor development effort. 





Appendix 

OUTLOOK FOR SPACE NUCLEAR PJWER DEVELOPMENT 


G. L. Chipman, Jr. 


ABSTRACT 

This paper summarizes tne worn conducted over the past 2U years on 
space nuclear reactor system technologles. It reviews the current 
^activities of tne Department ot Energy's (DOE) development erforts, 
its planned organizational structure for future space nuclear power 
development, the broad range ot technologies to be considered in 
meeting future mission needs, and the future involvement of the 
national laboratories ana industrial complex in this important 
national effort. Tne results of this survey show that DOE, with its 
tecnnical experts at tne various department laboratories and 
contractors, is prepared and capable of producing and delivering 
flight-gualifled space nuclear power systems, as it has successfully 
done in the past, that would meet both civilian and military future 
space mission goals. 


HISTORY 

Federal Responsibilities 

Tne engineering developments during and following World War II gave 
humanity great advances in tnree new areas of technology: 
electronics, rocketry, and nuclear power. Studies in the late 1940s, 
such as tne U.b. Air Force's (USAF) Project Feedback, suggested the 
merger of these areas cr technology througn nuclear-powered 
spacecraft. The U.S. Atomic Energy Commission (AEC), a predecessor of 
tne Depart* lent of Energy, initiated a series of studies in 1951 to 
address the feasibility or powering spacecraft with nuclear device*. 
Parallel studies were conducted on the feasibility or using nuclear 
power for the propulsion system. Out of tms study phase came several 
joint Atomic Energy Commission and National Aeronautics and Space 
Administration (AEC/NASA) ana AEC and Department of Defense (AEC/DOD) 
programs to investigate tne use of nuclear systems for power and/or 
propulsion of spacecraft. Thus the U.S. government has long 
recognized the need for having a nuclear power capability m 
This governmental encouragement or nuclear research and development 
was codified in the Atomic Energy Acts of 1946 and 1954, as amended, 
which assigned to the AeC the responsibility to conduct, assist, and 
toscer a program of research and development to encourage tne 
widespread participation m tne development and use of nuclear 
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energy• In this way, Congress and the President focused tne nation's 
efforts in the nuclear area, defined tne separation of powers, and 
ensured tne safe control of the special nuclear material needed for 
these research and development programs. This concentration of 
nuclear responsibility continued v*ith the Energy Reorganization Act of 
1974 and the Department of Energy Organization Act of 1977. 

From this farsighted planning by the Congress and the 
administration, DOE and its predecessor agencies nave been able to 
provide NASA and DOD witn all of tneir space nuclear power supply 
needs. The following sections review tne history of the space nuclear 
power program, leading up to tne current status ana the planning 
process of the future. 


Radioisotope Power Systems: background ana Future 
Overview of the Nuclear Pcvmr Option 

Since 1961, the United States has launenea 23 civilian and military 
space systems having all or part of their power requirements supplied 
by nuclear power sources. DOE and its predecessor agencies have 
successfully demonstrated tne unique capability of extending support 
to the space program through research and development in the nuciear 
energy field ana by proviaing all of the nuclear power sources flown 
by the U.S. government or planned to be flown. Table A-l, a summary 
of space nuclear power systems launened by the United States 
(1961-1960), is useful in reviewing tre history of ail of the flight 
space nuclear power systems proviaea jy the department. 

Looking to the future, it is appa.ent that broad ranges of power 
output and lifetime will be require'. to comply with the developing 
range of mission needs. Tne functional missions flown to date have 
required low power and long life; these needs have been met by using 
radioisotope thermoelectric generators (RTGs). As future power neeas 
rise to 1 kW(e) and above, tne hi^.ier conversion efficiency of dynamic 
electric conversion systems will become increasingly attractive, 
making tnem the preferred power system. For example, conversion 
efficmncies of 15-25 percent are possible witn dynamic systems 
compared to 5-10 percent for thermoelectric systems. A ground 
prototype system of the Dynamic Isotope Power Systems (DIPS) nas been 
built ana operated for 5,000 hours. At a power level of about 10 
kW(e), the increasing inventory of fuel neeaed in the DIPS will make 
reactor systems tne preferred system. At 25 KW(e) and above, reactor 
systems become more attractive in cost, mass, and size than ail other 
competing power systems. Figure A-l illustrates where the transition 
power levels occur and how the three classes of nuclear power systems 
are related to development time and mission needs. 
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T/toLE A-i Summary of Space Nuclear Power Systems Launched by tne 
United States (’.961-^980) 


loafi'«£ 

Spacecraft 

NlasloA Type 

Launch Data 

Status 

SNAP-JA 

TraneIt 4A 

Navifetlonal 

June 29, 1941 

Successfully 
achieved orbit 

SNAP U 

Trane It U 

navigational 

Now. IS, 1441 

Successfully 
achieved orbit 

SNAP-VA 

Tranal t-5MHl 

Navigational 

Sept. 24, 194) 

Successfully 
achieved orbit 

SNAP-PA 

Tranalt-SSb-2 

Navigational 

Dec. S, 194) 

Successfully 
achieved orbit 

:jo-u 

Trane It-Mb-3 

Navlgational 

April 21, 1944 

NitsIon aborted, 
burned up on 
reentry 

5RAP-10A 

(reactor) 

SNAPSNOr 

Exper imental 

April ), 1449 

Successfully 
achieved orbit 

SNAP-19B2 

NlbOus izz 

Nateorologlea) 

April 14, 19'P 

Successfully 
achieved orbit 

SNAP-27 

Apollo 12 

Lunar 

Nuv. 14, 1949 

Succaaafully 
pieced on 
lunar aurface 

SMAP-»7 

Apollo 1J 

Lunar 

April 11, 1970 

Niaaon aborted 
or way to soon. 

ear c source 

returned to 

South Pacific 
Ocean 

SNAP-27 

Apollo 14 

Lunar 

Jan. )1, 1971 

Succaaafully 
placed on lunar 
aurfeca 

SNAP-27 

Apollo is 

Lunar 

July 24, 1971 

Successfully 
placed on lunar 
aurface 

SNAP-19 

Pioneer 10 

Planetary 

fUfCb 2, 1972 

i 

Succaaafully 
operated to 
Jupitar and 
beyond 

SNAP-27 

Apollo 14 

Lunar 

April IS, 1972 

Successfully 
p»«ced on lunar 
aurface 

Tranalt- 

MTC 

Transit 

(TSlAD-Ol-lI) 

He i igational 

Sept. 2, 1972 

Succeaafully 
achieved orbit 

SNAP-27 

Apollo 17 

Lunar 

Dec. 7, 1972 

Succeaafully 
placed on lunar 
surface 

SNAP-19 

PI uneat LI 

Planetary 

• 

April S, 197) 

Succaaafully 
opera:ed to 
Jupitar and 
Saturn and 
beyond 

SNAP-19 

Vlklmi 1 

Kara 

Aug. 20. 1979 

Suoceeafuly 
landed on Mara 

SNAP-19 

Vlklns 2 

Mara 

Sept. 9, 1975 

Succaaafully 
landed on Mars 

"" 

LSI 4 

Ooawui lea t Iona 

March 14, 1974 

Succaaafully 
tenlaved orbit 

raw 

LMM 9 

CoMunlcatlona 

•larch 14, 1974 

Successfully 
achieved orbit 


wayaqac 2 

Plenatary 

Aug. 20, 197- 

Succaaafully 
operated to 
Jupitar and 
Saturn and 
beyond 

raw 

Voyager 1 

Planetary 

Sept. 5, 1977 

Succaaafully 
operated to 
Jupitar and 
Saturn and 
beyond 


lamp stands for lyst«a for Nuclear Auxiliary Power. All odd-numbered 

SNAP power plant* use radioisotope fuel. Sven-numbered SNAP poaar planta 
have nuclear flaaion raactora aa a eource of neat. MW stands for the 
tailt Hu ndred Nett DC. LAS lurid* for Lincoln Experimental Batalllta. 

SOUSCSi 0. Bennett, Overview of the U.S. Pllyht Bafaty Proceaa for Space Nuclear 
W»wer, Nucl. Safety, 22(4), 424, 1*41. 
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Radioisotope Thermoelectric Generators 

Tne RTG power system has een a cornerstone of the space nuclear 
program. Currently, DOE has unaer development tne general-purpose 
heat source RTG that is planned for use on the NASA Galileo ana 
International Solar Polar missions scheduled for launch aboard the 
Space Shuttle in 198b. Also Deing developed is the technology for the 
modular isotope thermoelectric generator (MITG), potentially to be 
used in U.S. space missions beginning in the 1988 time frame. An 
estimated $45 million and 4 years would be required to complete the 
research and technology verification phase of this advanced RTG 
system. Table A-2 identities tne progress made in the isotope 
thermoelectric power systems and the oojectives DOE nas set for future 
development. 


Dynamic Isotope Power Systems 

To meet potential DOD future space missions iorecast in the i- to 
2~kW(e) power range, DOE emoarkea on a development program to evaluate 
so-called dynamic conversion systems tnat employ a rotating 
turbine/alternator system that offers efficiencies approaching 18-25 
percent. Following a competitive phase wherein studies ana tests of 
the Brayton cyclt and the Rankine cycle were supported, DIFS, based on 
an isotope-fueled closed Rankine power conversion cycle utilizing tne 
organic compound Dowtnerm A as tne working fluid, was selected (see 
Figure A-2). To date, prototypic equipment has been operated in 
excess of 5,000 hours in a space vacuum. Approximately $20 million 
was spent during the course of this program. Figure A-3 illustrates 
the flexibility oi this type of space isotope power system in mating 
witn the Nuclear integrated Multunission Spacecraft .N^riS). NIMS can 
accommodate tne four major identified )X)D mission categories, i.e., 
communications, surveillance, navigation, and meteorology. An 
estimated $40 million and about 3 years would be required to qualify 
this system for space flight. 


The Space Reactor Program Tnrough 1973 

For tne space nuclear n Jtor power system devexopment erforts, the 
AEG expended some $i.4-$1.5 billion on the following nine areas 
through 1973, wnen ail activities associated witn space nuclear 
reac.o; pow,er development ceased. 

FN/iP- i • The development of tni3 zirconium hydnde reactor coupled 
to a 3-kW(e) mercury Rankine cycle comoined rotating unit (CRU) was 
initiated in fiscal vear (FY) x95b at the request oi the Air ^orce. 

Two reactor tests demonstrated reactor feasibility. Congressional 
action on the DOE FY 19b4 budget necessitated the elimination of the 
proposed SNAP-2 launch program. The hEC terminated the SNAP-2 program 





TABLE A-2 Trends in KTG Technology 
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W, multihundred watt; GPHS-RTG, general-purpose heat s urce radioisotope 
thermoelectric generator; MITG/ modular isotope thermoelectric generator. 
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in FY 1964 but continued the development of the zirconium hydride 
reactor technology and the mercury Rankine cycle technology, 'f'he 
mercury Rankine effort was terminated ip FY 1967. 

SNAP-lOA : The development of the SNAP-2 zirconium hydride reactor 
coupled to a direct radiating thermoelectric conversion system was 
initiated in FY 1960 at the request of the Air Force. Power output 
was 500 W(e). Congressional action on the DOD FY 1964 budget 
necessitated the elimination of the proposed SNAP-lOA launch program. 
Because of the importance of the SNAP-lOA flight test to the nation's 
nuclear electric power effort, tne Joint Committee on Atomic Energy 
(JCAE) included the authorization for tne flight test by the AEC in 
the FY 1965 authorization Act, and funding was appropriated. The 
SNAP-lOA system was J • ached on April 3, 1965, and operated 
successfully for 43 days prior to snutdown, caused oy a spurious 
signal from the payload. The program was concluded in FY 1966 except 
for the completion of the 10,000-nour ground test of a duplicate of 
the flignt system as part of the zirconium hydride reactor technology 
program. The key fact to be remembered is that SNAP-lOA was the first 
known use of a nuclear reactor in space—and it was successful. The 
SNAP-lOA experimental flight proved tnat space nuclear reactors can be 
safely built, launched, ano operated remotely. 

Liguic-metal-cooled reai .or (SNAP-5Q-SPUR) s This technology 
development was initiated in 1958 under the Aircraft Nuclear 
Propulsion (ANP) program in an attempt co meet the design requirements 
for supersonic flight. The concept was a high-temperature, 
lithium-cooled refractory metal alloy reactor. The ANP program was 
te/^xnated in FY 1961, but a technology effort was continued because 
of DOD and NASA interest in the development of a hign-power nuclear 
electric system for space application. In FY 1962, the program was 
directed toward tne Air Force SPUR concept that contemplated a 
2000°F, fast, lithium-cooled refractory alloy reactor coupled to a 
potassium Rankine cycle power conversion system. A SNAP-50/SPUR 
office was established in AEC headquarters with an Air Force officer 
as program manager and with NASA, Air Force, and AEC deputy managers. 
Because the time could not be defined when high power in space 
applications would be required, the character of the program changed 
during FY 1964-1965 from a power development approach to a long-term 
basic technology program, leading to a ground demonstration of the 
reactor and critical components of the power conversion system. The 
SNAP-50/SPUR program was terminated in FY 1965, and the responsibility 
for the technology program was transferred from Pratt and Whitney 
(CaNEL) to Livermore (LRL). In FY 1968, owing to a reduction in 
funding because of budge ary pressures, tne program was terminated, as 
directed by the Joint Committee on Atomic Energy. 

Rover/NERVA : Perhaps the most challenging application of nuclear 

energy to spacecraft was the nucleir rocket program. G. T. Seaborg 
summed up tne challenge as follows: "What we are attempting to make 
is a flyable compact reactor, not much bigger than an office desk, 
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that will produce the power of Hoover Dam from a cold start in a 
matter of minutes." 

Tne Unitea States carried out an ambitious research program from 
1955 to 1972 aimed at developing a capability to use nuclear power for 
rocket propulsion. This program, which was jointly nianagea by 
AEC/USAF and AEO/NASA, demonstrated a number of important firsts in 
space nuclear tecnnology: (1) multiple-start capability, (2) peax 
power of 4,2CC MW, (3) 60-min continuous operation, sufficient for 
many space missions, and (4) ability to start on its own power ana 
operate stably over a wide range of conditions. From this research 
evoivec' che nuclear engine for rocxet vehicle applications (NERVA) 
that was designed for use on a reusable nuclear shuttle. NERVA was to 
produce 75,000 lb of thrust at a specific impulse of «25 s—twice the 
specific impulse of tne best chemical rockets. Such a capability 
trannslates into larger payloads and shorter flight times. 

Furthermore, NERVA offered the possibility of producing 15-25 kW o2 
power for hotel functions during the coast pnase of the mission. 

The Rover/NEKVA program aemonstrated again that several government 
agencies can cooperatively work togetner to apply nuclear technology 
to spacecraft and that nuclear power can provide a quantum leap in 
performance improvement over more conventional systems. 

Boiling metal reactor (MPRE) : This technology involved the 
investigation of the feasibility of airect boiling of potassium in a 
compact fast-spectrum reactor. The aecision was made in FY 1966 to 
phase out this work and concentrate the remaining advanced technology 
resources on tne gas-cooled, liquid-metal-cooled, and thermionic 
concepts. Tne program was terminatea at Oak Ridge National Laboratory 
(ORNL) in FY 1966. 

Gas-cooled reactor (7i0) : This technology involved the development 
of a hign-temperature, lightweight, high-performance, ges-coolea 
reactor suitable for a brayton-cycle space power system. During FY 
1967 the work was reaucea to a fuel element development program only. 
In FY 1968, the program was terminatea at General Electric in oraer to 
apply available resources to the liquid-metal-cooled and thermionic 
reactor concepts. 

SNAP-8 s The SNAP-8 program was initiated in FY i960 to develop a 
30- to 60-kW electric system suitable for space propulsion. The AEC 
sponsored development of the zirconium hydride reactor heat source, 
and NASA was responsible for the mercury Kankine power conversion 
system. Tne S8ER (SNAP 8 Experimental Reactor) opccatea for i year 
during FY 1964-1965, and the S8DR (SNAP 8 Developmental Reactor) 
operated for 7,000 nours during FY 1969-1970. 

The 5-kW(e) zirconium nydriae/thermoelectric system : The 
objectives of the ZrH/Tn work were to fabricate and test a ”5 year 
life" reactor and power conversion system. Nominal power output was 
to be 5 kW(e). The NASA-Lewis Researcn Center was responsible for 
program management, and the AEC funded reactor development at Atomics 
International. The program was terminated in January 1973. 
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Thermionic reactor : The thermionic reactor was a concept for 
converting heat to electricity inside a reactor core using tne 
thermionic process. It can cover tne range from a few kilowatts to 
several megawatts of electric power, but the empnasis in the last 
several years of activity was on a 120-kW system suitable for space 
propulsion missions. 

The AEC program began in FY 1959 with support of the Los Alamos 
Scientific Laboratory (LASL) "plasma thermocouple." In FY 1964, the 
AEC reoriented the thermionic program to emphasize industry 
participation (General Electric and General Atomic) in reactor fuel 
element development and eventual construction of a reactor 
experiment. In Augist 1970, Gulf General Atomic was selected for the 
prime role of developing the TFE (thermionic fuel element) and 
constructing a thermionic reactor test. The AEC and NASA thermionic 
efforts were administratively combined in FY 1971, with NASA assuming 
tne responsibility for systems studies and support technology. All 
space tnerraionic effort by AEC was terminated in January 1973. 

Dynamic power conversion ; This technology was directed toward 
three Rankine cycle concepts—mercury, potassium, and organic. The 
mercury Rankine etfort was originally started as part of the 
development of a nuclear reactor (SNAP-2) for the Air Force. It was 
separatee from the reactor development effort ano conducted as a 
separate technology from FY 1964 through FY 1973, at wnicn time it was 
terminated. The potassium Rankine effort was funded by tne Air Force 
through FY 1963, became an AEC responsibility as part of the 
SNAP-5Q/SPUR concept in FY 1964 and was terminated in FY 1968. 

Finally, tne organic Rankine effort Degan in FY 1966 in response to a 
DOD interest and continued through FY 1970, when it was terminated 
tne AEC witn the understanding tnat tne Air Force would fund any 
future effort in this area. 


Reactivation of Space Reactor Development Efforts 

In 1975, a DOD/ERDA Space Nuclear Application Steering Group was 
organized with the objective of estaDlisniig ano maintaining the 
necessary management interface and communication channels Detween DOD 
and tne Energy Kesearcn and Development Administiation (ERDA) for the 
purpose of ensuring the effective and efficient military use of 
nuclear energy for space and other directly related applications. In 
concert with the steering group, aa Advanced Space Power Working Group 
was established and provided a report, SPWG 77-1, in 1977. This 
report assessed DOD potential missions and the various space power 
technologies and formed tne basis for DOD to enter into a 5-year space 
reactor technology program beginning in 1979 at approximately $2 
million/yr. At that time, DOD space system power requirements 
appeared in tne 10- to 100-kW(e) range. The technology development 
program focused on a reactor system concept called Space Power 
Advanced Reactor (SPAR). 
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In 1981, during tne formulation of the FY 1982 budget submission, 
the Office of Management and Budget (OMB) directed that DOE funus ror 
space reactor development be held to $1 million and be contingent upon 
support rrom DOD and/or NASA. While SOD ac^ideJ to continue to study 
its mission applications and could offer no financial support to DOE, 
NASA pledged to support the program and to venture toward a joint 
NASA/DOE technology verification phase of the reactor development 
project, redesignated SP-100. The NASA mission moaels indicated that 
100 kW(e) could provide a suitable power level for both outer 
planetary and earth orbital missions. In view of the budgetary 
constraints on DOE, uie work associated with the power conversion 
subsystem was planned to be conducted ana supported by NaSA, while the 
eftorts on tne reactor subsystem would continue to be conducted by DOE 
based upon DOD and NASA support. In FY 1982, with NASA support, tne 
reactor development program was tailored to NASA objectives that 
identified a number of mission considerations for the lGO-kW(e) pcver 
system. 


CURRENT STATUS OF SPACE REACTORS 
SP-100 Driven by NASA 

As was stated earlier, the origins for initiating the tecnnology of an 
advanced space power reactor development program were based upon the 
potential DOD missions in the 10- to 100-kW(t) power range. Firm 
requirements for power above 100 kW(e) have nDt been officially 
identified to DOE oy DOD. With the advent of active NASA involvement 
in the program, tne characteristics of the development program became 
oriented toward the civilian missions. For example, neea for a 
7-year, continuous operation at full power followed by a 5-year 
reduced power output oecame important. Also, tne attributes of a 
thermoelectric conversion system tnat would provide high reliaoility 
and redundancy in avoiding single-point failures appeared very 

desirable. In addition, tne desire to provide 100 kW(e) from a single 
shuttle launch of an integrated spacecraft dictated a specific power 
minimum of 36 W/kg and a goal of 55 W/xg. Naturally, these power 
system attributes mignt be useful to sucn potential DOD missions as 
.space-oased radar, surveillance, communications, electric propulsion, 
and jammers. On the other hand, potential DOD missions such as 
Users, particle oeams, and advanced concepts in tne 1-MW to 
hundreos-of-megawatt pulsed power level probably could not De 
satisfied by tne current heat pipe/tnermoelectric type of power syrtem. 
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DOD Interest (Increasing) 


Kilowatt Range 

The early mission analysis effort completed in 1977 indicated the 
potential need for an advanced space reactor power system in the 10- 
to 100-kW(e) power range. Currently, it appears tnat tnese defense 
needs could span the power range from 5 to 400 kW(e). Over tne past 5 
years the forecast power levels required in space have increased 
substantially, and with the added empnasis on survivability, the need 
for space reactor power oecomes more evident. It would oe well, 
however, to raise a note of caution that until detailed mission 
analyses and trade-off studies are accomplisned, tnese potential 
projected power levels could vary substantially within the power 
envelope. 


Megawatt Range 

The use of lasers, particle beams, and other advanced 
energy-dissipating systems mignt require pulse power in the 1- to 
100-MW range. Space nuclear reactoi power systems tnat mignt have the 
capability of providing such nigh pulsed po* *r may exist in tne 
tecnnology tnat was supported via tne nuclear rocxet technology 
program. Sucn reactors coupled to an open-cycle Rankine-alternator 
conversion system or the rotating-beo reactor anu/or gaseous-core 
reactor concepts when coupled with closed- or open-cycle electric 
energy conversion devices should be considered. Eacn of tnese types 
of technologies has its advantages and disadvantages. It is clear 
that a space nuclear capability will require the consideration of many 
technical alternatives, and more feedback on tne mission plans and 
power needs. 


DO& Organization 

In view of the importance tnat DOE places on the space reactor 
program, tne Assistant Secretary for Nuclear Energy plans to establish 
an Office of Space Reactor Projects, reporting to the Office of the 
Deputy Assistant Secretary for Breeder Reactor Programs. The new 
office will be responsible for the management and coordination of all 
activities in DOS's space reactor development program. The office 
will consist of a cadre of technical personnel wfo will be assisted by 
matrix support from the department's nuclear sector in the area* or 
materials performance, quality assurance, safety, budget, and 
administration. 

The new office will direct uOE's effort to develop the space 
reactor technology required to meet user agency requirements. The 
office will worx closely with the user agencies, DOD and NASA, to 
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ensure proper integration or reactor development activities with 
mission requirements and power conversion system development functions. 
The near-term efforts of the office will focus on a review of the 
past and present space reactor development activities and 
technologies. A variety of technologies will oe examined to ensure 
that the reactor development efforts to follow will emphasize those 
concepts with the highest possible likelinoou of successful mission 
performance. This review effort will then rorm tne bas*s of a space 
reactor tecnnology pJ an that will be coordinated and agreed upon with 
tne user agencies and will be updated on a regular basis. The current 
empnasis on space reactor development reflects an increasing awareness 
of the need for Higher power levels in future NASa and DUD missions. 


fteevaluation of Space Reactor Technology 

As was noted in the preceding section, one of the early activities of 
the Office of Space Reactor Projects will be to reevaluate past and 
present space reactor activities for relevance to future needs. This 
review will focus on those technologies that offer a contribution to 
future high-technology systems. For example, the ZrH reactor systems 
are limited in temperature and power density capabilities and do not 
appear to offer much in reactor core technology for the future. Many 
reactor systems appear to show more promise. 


Reactor Technologies of Interest 

RBR/FBR : The Rotating-Bed Reactor (RBR) and the Fixed-Bed Reactor 

(FBR), which evolved from the rotating-bed nuclear rocket concept, are 
closely related systems. Figure A-4 is a schematic or the reactor in 
its rocxet format. In both power systems, tne reactor core consists 
of an annular cylindrical bed of unbonded fuel particles. Tne 
coolant/working fluid is a gas that passes radially inward tnrough tne 
ruel bed and exits axially from a central cavity or annuius. 

Preferred gases are hydrogen and helium. The inherent advantages of 
this type of system lie in the use of particulate fuel. By maxing the 
particles small, very high heat transfer can be obtained; by keeping 
them unoonded, tne core becomes higniy resistant to thermal shock and 
can withstand high-rate thermal transients. Present concepts utilize 
U-ZrC particles in the 200- to b00 -m m-diameter range. 

In tne RBR format, the original rocket concept, the particle beu is 
retained in its annular cylindrical shape by centrifugal force; it is 
held against an external porous cylinder by being rotated about its 
central axis. The bed can be fluidized to any desired degree oy 
control of the cooling gas velocity and rotational speed. The FBR 
format is simpler; the particle bee is retained in a close-packed 
array between inner and outer porous cylinder, and the core is not 
rotated. It is apparent that in the FBR format, maximum gas 


temperature is limited by tne requirement that the inner porous 
cylinder survive. When the reactor is to be used to drive a turbine, 
tnis limitation on temperature is not significant, ana the simplicity 
or the FbR format becomes attractive. Wnen maximum temperatures are 
utilizable, as, fcr example, in an open-cycle raagnetohydrodynamic 
(MHD) system or in rocket propulsion, the additional complexity of the 
RBR format may become worthwhile. 

The RbR/Fbk reactor concept is very flexible and can probably be 
adapted to many different types of power systems. It can be coupled 
with closed-cycle brayton conversion systems for continuous power over 
a wide range of power levels; it can oe coupled witn open-cycle 
brayton or MHD conversion systems for pulsed power outputs; one can 
even postulate a dual-purpose system in which the high-temperature gas 
from the reactor could be used alternatively for electrical power or 
for evasive maneuvering oy Deing discnarged tnrough a rocket nozzle. 

Tne reactor concept merits careful evaluation, anu a study program 
is being carried out oy DOE's Brookhaven National Laboratory under 
Defense Advanced hesearcn Projects Agency (DARPA) funding. 

HTGR: Tne High-Temperature Gas-Cooled Reactor (HTGR) is a large 

stationary power plant system, but the materials technology, mucn of 
it developed on the program, is very relevant to the space reactor 
effort. HGTR is a nelium-cooled system witn much of the core 
fabricated or graphite. A large part of the original work on the 
development of high-density grapnites, on the development of 
fabrication methods, and on the measurement of physical properties was 
done on tne program. Thermal properties of grapnite and rates of 
permeation and diffusion of fuel and fission products were determined 
that can be utilized in many space reactor concepts. The HGTR fuel 
consisted of U-ZrC fuel particles clad witn pyrolytic carbon, and such 
particles are prime candidate for RbR/FBR fuel particles. Also, 
graphite is likely to be a favored structural material tor many 
components in some space reactor concepts because of its unique 
high-ten£>erature properties. The graphite and fuel particle 
tecnnology developed on HTGR is a valuable resource tor a continuing 
space reactor program and should be reviewed and reevaluated 
tnoroughly. 

KIWI/hover/NERVA : Tnis program was the major AEG effort to develop 
a nuclear rocket engine that was active from 1955 to 1972. During 
this period, approximately 18 distinct reactor systems were 
constructed and operated, culminate.,j m NRX-A6, whicn operated at an 
average power level of 1,155 MW for over 1 nour. Tne Phoebus-2A 
demonstrated the capability of operating at 4 r 2U0 MW. These tests 
snowed tnat tne nuclear rocket concept has the capability of reaching 
high power levels quickly and of sustaining them for significant 
times. Tne total expenditure of funds in this efrort was 
approximately $1.4 billion, tnrough AEC, NASA, and DOD funding. 

The reactors ouilt and operated differed a great deal in size and 
design details, but ail were solid-core systems constructed primarily 
of graphite ana cooled oy gaseous hydrogen. The fuel was particulate 
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UC 2 , clad witn and and embedded m graphite. As m tne hTGK 
program, a great deal ot graphite technology was generated that 
constitutes a resource for tuture hign-temperature reactor develop¬ 
ments. 

In addition, a wealth of experience wai' gained witn the operation 
and control of reactor systems with very hioh rate transients of 
temperature and power that should also ue rnosc valuable for pulsed 
power space systems. Furthermore, the hydrogen handling technology 
developed for use under these extreme conditions mould be valuable. 

Liquid-metal systems : The most familiar utilization of liquid 
metals in reactor systems has been as a heat transfer medium, tne 
primary advantage being tnot liquid metais can move large quantities 
of hear at high temperatures witn low vapor pressures, leading to 
innerentiy lignt, high-power-density systems, obviously attractive for 
space reactors. The potential difficulties that must be overcome to 
develop a successful liquid-metal-cooled system are the tendency of 
the liquid metals to dissolve tneir plumbing, o high susceptibility to 
very small levels of contaminants, and tne general difficulty of 
Keeping auxiliary devices like valves, pumps, hearings, and 
instrumentation working reliably. 

A substantial number of ground-based reactors have been designed, 
bunt, and operated tnat can provide many background data on the 
teenniques of operating liquid-metal systems. These include EdR-I, 
EBR-I1, FFTF, Enrico Fermi, and bea Wolf. In addition, a number of 
advanced technology programs have contributed to the field, including 
the Pratt and Whitney effort in the ANP/SNAP-50/SPUR program and the 
Molten Potassium Reactor Experiment (MPRE) at ORNL. All of these 
programs should be reviewed for their contributions to the data base. 

Fluid-fuel systems : For advanced pulse power systems, one should 
also consider reactor systems where the fuel itself is liquid, or even 
partially gaseous, althougn establishing a standby mode may be 
difficult, such systems could also provide hign rates of heat transfer 
and great resistance to thermal snock. Liquid-fuel systems have been 
studios in the LAMPRE and Molten Salt Reactor Experiment (MSRE) 
programs, and a partially gaseous core concept was studied under the 
Plasma Core Nuclear Rocket effort. These programs should be reviewed 
for their technological content. 


Power System Information and Data Correlation Study 

As a start in evaluating reactor technology, DOu nas contracted witn 
the Energy Systems Croup of Rockwell International to perform a power 
technology assessment, mission assessment, and program planning stuuy 
for space nuclear reactor power systems. There will be three phases 
of power tecnnology analysis: information collection, data 
correlation, and power system synthesis. In carrying out this 
analysis, each power system will be regarded as consisting of five 
subsystems and will be analyzed in those terms. The five major 
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subsystems are reactor, shielding, primary heat transport, power 
conversion, and neat rejection. An important aspect of information 
collection and data correlation will be tne determination of the level 
of technology readiness tnat exists for eacn subsystem of each power 
system, and a corresponding estimate of the development time ana 
fundirg required to bring the subsystem to flight readiness. 

Once the power technology assessment is complete, Rockwell 
personnel plan to develop an understanding of mission planning and 
needs by a similar three-pnase process, namely: 

o Mission information collection : Tnis will include a search of 
the literature and contacts with the users. 

o Mission data validation : Tnis will include further work with 
users to validate a set of missions requiring space nuclear reactor 
systems as well as launen and spacecraft interface/integration. 

o Mission scenario synthesis : This process will use the 
validated mission data to develop three or more mission scenarios 
categorized into the near term, midterm, and far term. 

The final stage of the study (power system synthesis) will consider 
technology readiness relative to mission needs. Three power systems 
will be conceptually defined: early deployment (late 1980s), midterm 
deployment (early 1990s), and late deployment (beyond 1955). 

This is the first step in the larger process of establishing tne 
mission power requirements. But when one considers tne large lead 
times to develop new technology, this is a very critical and timely 
step. Tne results of tnis study should provide a valuable baseline 
for further planning efforts. 


Continuing SP-100 Effort 

As noted in the section on reactivation of space reactor development 
efforts, the SP-100 program (originally called Space Power Advanced 
Reactor, or SPAR) was initiated in 1979 in response to DOD interest in 
power levels of 10-100 kW(e) and reinforced in 1981 by NASA interest 
in power levels of 100 kW(e). The design has a nominal output of 100 
kW(e) but is scalable up or down. It is a fast reactor fueled with 
fully enriched UO 2 , utilizing heat pipes for heat transport and 
thernoelectrics for power conversion. A moderate amount of reactor 
design work has been done, including a successful criticality 
experiment. In 1981, DOE and NASA agreed to work cooperatively on the 
system, DOE concentrating on the reactor, shield, and heat tiansport 
system and NASA assuming responsibility for the thermoelectric 
converter subsystem, including the radiator. 

The core evolved from the use of heat pipes for heat removal and 
has, as a result, a novel “inside out" fuel element configuration. 
Figure A-5 shows a heat pipe fuel element “module," the equivalent of 
a fuel rod in a conventional core. The core consists of 120 of these 
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(nodules in close-packed cylindrical array; the modules closely 
approach eacn other (some clearance is left to accommodate luel 
swelling) without any separating claa or coolant. Heat is thus 
extracted centrally from each "fuel rod" rather than from the external 
surface, as is more usual. The heat pipes are constructed of Mo-13Ke, 
as are tne attached fins, whicn serve to reduce tne maximum 
temperature in the UO^. The working fluid is lithium. The heat 
pipes extend out of the core, through or around a shadow snield, and 
radiate to the thermoelectric conversion system. Figure A-6 shows how 
tne neat pipe fuel element modules are assemoled into the reactor; 
Figure a- 7, now the reactor, shield, and converter/radiator are 
assembled into a power system. 

Present DOE activities are focused primarily on the experimental 
development ot the neat pipe design details and fabrication methods, 
ano on an in-pile irradiation experiment tnat simulates tne heat pipe 
fuel element module. Tms will explore fuel swelling in this novel 
conriguration and also tne benavior of the heat pipe materials in an 
in-core environment. Tne program has been operating at $2 milnon/yr; 
continuation at only a modestly increased revel for the next 3 years 
is contemplated. It thus amounts to a technology development effort 
rather than a serious attempt to construct a reactor system m tne 
immediate future. The planning process to be described in the next 
section will indicate wmch reactor power system concept should oe 
pushed to flight readiness. T.iis will require substantially higher 
funding than tne current rate of expenditure. 


PLANNING PROCESS 

Having descrioed tne history of space nuclear power and its current 
status, it is worthwhile considering wnere we go from here. It is 
important to establisn in the oeginning a rational planning process so 
that future space nuclear power systems will meet future 
requirements. Figure A-tt, wmch is an outgrowth of good systems 
engineering practice, is a scnematic of the basic process one should 
follow in developing a rlignt-qualifn.d space nuclear power system. 
These are, to quote Wilton P. Cnase, "...the irreducible gross 
runctional steps which must be followed." 


Mission Assessment 

The Key to good design is to estaolisn the mission requirements at the 
start of the design work. This statement sounds so obvious as to be 
dismissed by most designers, yet it is amazing how orten the essential 
nature or tne mission requirements is forgotten. Once the 
requirements are estaoiished, the designer is in a much better 
position to select the system concept to satisfy these requirements. 

As was noted in the section on the current status of space reactors, a 
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numoer of studies nave shown the need for larger power systems to 
supply power to future space missions. Tnese can be categorized as 
follows: 

Orbital applications : 

o Communications systems requiring only small; xow-power, 
eartn-based transraitters/receiver s 

o Kemote sensing of the earun (e.g., improved Lanusats) 

o Electrical power supply for large, permanent, manned space bases 
o active defense systems. 

Space exploration : 

o Nuclear electrical propulsion 

o Electrical power supply for manned or unmanned deep-space prooes 

o Electrical power supply for bases established on planetary 

bodies (lunar surface, Mars, etc.). 

What is needed now, if we are to have the power technology availaole 
for application when it is needed, is to review the missions tnat are 
being planned and determine their power requirements. An improved 
understanding of mission needs is required in order to expend further 
space reactor funds effectively. 


Power System Tecnnology Assessment 

As was indicated in the section reevaluation of s^ace reactor 
technology, a wide variety of power system concepts are possible, 
potentially employing a broad spectrum of tecnnologies. The various 
potential suosystems exist at widely differing degrees of readiness. 
Tne cost in time and dollars to develop a flignt-ready power system 
will vary from moderate to significant, depending on system 
complexity. For an order ot magnitude guess, one might estimate 10 
years and $JUU million for a moderately complex system, ano 15-20 
years and $1,000 million for a complex advanced system. It would be 
imprudent to embarK on any such development effort witnout a firm 
understanding of mission requirements. 

It can be argued that, in the absence of well-defined mission 
requirements, efforts ought to be concentrated on some of the more 
promising technology areas. Tnis is, in effect, being done at 
present, with work going on directed toward heat pipe reactors and the 
evaiuatun of particulate bed reactors, but such efforts are 
inherently limited, first by tne process of getting budgetary support 
for nonmission technology and second by natural caution and 
differences of opinion among planners. 

Some areas of technology suggest substantial benefits in 
specialized applications but also suggest high costs, which mitigate 
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starting any effort in advance of mission definition. One sucn area 
is tne droplet radiator. As cower system output rises beyond a few 
megawatts, the weight and size of a conventional radiator dominate the 
entire system, indicating that perhaps a radical new approach to the 
problem of dumping waste heat is required. The droplet radiator may 
be such a new approach. But it promises to oe a difficult, expensive, 
and lengthy development item. Without better advanced planning, this 
suos/stem could well become the limiting corponent of a required power 
syscero in tne next decade. 

It is true that at low power levels some time can be bougnt at the 
price of performance. Heavier, snorter-lived power systems can oe 
developed to flight readiness by deferring obvious technology 
improvements to a "Mark II version* of the system. But the ability to 
follow this route is quite limited. In most attractive system 

concepts, time and money are not commutative* Much technology remains 
to be developed, and much of the effort will be directed to system 

design. Sound engineering practice demands an understanding of system 
goals in advance of system development. 


Selection of Candidate Power Systems 

Referring to Figure 6, one can see tnat the procedure preferred by 
DOB—and, further, believed by DOS to be the only sound ana prudent 
procedure to select a space nuclear pover system for development at a 
substantial cost—is (1) to understand tne requirement, (2) to 
synthesize several concepts aole to meet the need, and (3) to select 
one system for development after a careful weighing of relative costs 
and Denefits between the several concepts, ail ot wmch were deemed 
capable of meeting the requirements. Following this procedure, DOB 
therefore solicits an expansion of mission definition efforts oy 
potential users. 


Development of Reactor Technology and neactors 

Given the selection of the preferred power system, as described in the 
preceding section, it becomes the function or the DOB Office of Space 
Reactor Projects to proceed in an orderly fashion with the development 
of the reactor subsystem to the space nuciear power system, an early 
step in tnis process wil be the generation of an 'interface 
doc.imenc," ciearly defining tne functional requirements of tne reactor 
subsystem and describing quantitatively now it intergrates witn tne 
rest of the power system. Typical of this process is the BP-100 power 
system, in which DOB is responsible for tna reactor, tne shield, and 
tne heat transport to tne conversion system, wmle Nab A is responsible 
for the conversion system and radiator. 

With the limit of DOB responsibility adequately defined, it is 
possible to generate an integrated plan to cover the sequential 
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development of ail key components, including such technology 
develop^„..t and verification as is required to support the reactor 
system development. The reactor design will be continuously refined 
and updated as the component perfornnces are better established. 


00b READINESS 

DOE is cnarged by law with responsibility of all reactor development 
programs. DOE has had years of experience with the develor «enn of 
many specialized reactor systems, prototypical of space nuclear power 
systems. This *ork has been accomplished through the efforts . '* many 
people--managers, engineers, craftsmen, technicians—in the national 
laboratories and in private industry. National laboratories that have 
been particularly active ir* the field of space nuciear power include 
Los Alamos, Oak Ridge, Savannah River, Brookhaven, Livermore, Argonnc. 
Sandia, Hanford, Idaho National Engineering Laboratory, And the Mount* 
Facility. Industrial participants range from very large to quite 
small and include General Electric, Westingnouse, Rockwell 
International, Aerojet, General Atomic, TRW, Thermo Electron, Teledyne 
Energy Systems, Fairoh)Id Industries, and many others. These 
widespread activities have created over tne years a large and 
diversified population of technical experts with interest and 
experience in advanced nuclear power systems. This resource is 
waiting to be reengaged and redirected in a new effort to put nuclear 
reactor power to work in space. 











FIGURE 2 Schematic diagram of the Dynamic Isotope Power System 
S 






NIMS BUS 

(PAYLOAD NOT SHOWN) 


FIGURE 3 Nuclear Integrated Multimission Spacecraft (NIMS) 
concept, incorporating DIPS. 
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FIGURE 4 Rotating Fludized Bed Reactor concept (early rocket 
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FIGURE 5 Heat pipe fuel element module, SP-100 reactor. 
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FIGURE 6 


SP-100 nuclear reactor power system 
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FIGURE 7 SP-100 nuclear reactor power system. 
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Basic steps in system planning and development 














MEETING FUTURE SPACE ENERGY NEEDS 
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In the past, space energy needs have been relatively modest and have 
been met by well-unoerstood but expensive technology such as primary 
fuel cells, solar arrays with batteries, and radioisotope 
thermoelectric generators. As operations with the Space Shuttle 
expand, we face an age when the cost and difficulty of supplying 
energy could very wen become a practical limit to mankind's endeavors 
in space. This paper discusses a numoer of possible applications of 
nigh energy in space and explores the potential role of nuclear 
reactor power systems in satisfying such needs. Since none are 
requirements at ^resent, they should be viewed as justification for 
technology development, not for system development. 

Figure 1 illustrates the space energy demand over the short history 
of the U.S. space program since 19b6. Energy, that is, power times 
design mission duration, is plotted for each of several National 
Aeronautics and Space Administration (NAbA) and civil missions against 
launch year. It is noted that for these past missions, total energy 
requirements have oeen modest, with peak demand in the range of a few 
tens of thousands of kilowatt-hours (kWh), and in all cases less than 
50,000 kWh. In tne following discussion, a number of possiole future 
missions are reviewed, each of which demands total energies much 
greater than this. Many of these missions also require energy system 
characteristics that are different from those of past systems and that 
at this time appear to be best satisfied by the nuciear fission option. 

We have pushed back frontiers in space with the early Earth orbital 
missions and with missions to the Moon, Mars, Venus, and Mercury. 
Recently, we have had success in the Pioneer and Voyager missions to 
the giant outer planets Jupiter and Saturn. Ir the Voyager 2 
spacecraft continues to function properly, we may expect to see our 
first detailed views of Uranus in 1986, and possibly even of Neptune 
in 1989, some 12 years after the launch of the spacecraft. Such 
missions are bold precursors, leaving many important scientific issues 
unresolved even after years of exploration. For example, given the 
planned Galileo mission to Jupiter, we know that a number of questions 
will remain about the details or that oody. As for distant Jaturn, 
while a spacecraft similar to Galileo could characterize certain ring 
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dynamics, it is likely that several questions regarding Saturn's rings 
will still be unresolved. These questions deal witn the origin and 
processes of ring formation and composition, as well as the nature of 
the ring particles tnemselves, and will likeiy remain until there are 
detailed ooservations of individual ring particles and in situ 
composition measurements of the particles and tneir immediate 
environment. The exploration of Saturn's rings is very important to 
the understanding of tne creation and evolution of Saturn ana its 
satellite system. While the rings are only a small part of the mass 
of tne system, their existence must be accounted for in any complete 
theory• 

A possible mission to renaezvous with Saturn's rings has been 
studied and is illustrated in Figure 2. This mission employe a 
nuclear-powered electric propulsion system that takes it from r.artn to 
Saturn in about 8 years. Upon reacning the vicinity of Saturn, it 
spirals in, in tne plane of the rings. Once reaching tne outermost 
ring, it aligns its thrust vector slightly toward the ring plane, 
which boosts it above the ring plane in a non-Kepierian, minor circle 
orbit. Still spiraling in towara Saturn, the spacecraft *«oves above 
the rings at a distance of only 1-20 km. In aDout 285 days, the 
spacecraft reaches the innermost ring after having made detailed 
observations spanning the entire ring system, a ballistic mission, 
even without the ability to continually stay above the ring plane, 
would require about a quarter of a million kilograms or propellant to 
achieve an orbit inside the innermost rings. Nuclear power and 
electric propulsion thus would make this mission possible. It is the 
only practical way it can be done. It must be noted that such a 
mission demands an energy expenditure of 5 million KWh. 

Missions to the far outer planets—Uranus, Neptune, and Pluto—have 
long flight times. Voyager 2 will reach Neptune 12 years after launch 
after completing gravity assists by the major bodies Jupiter, Saturn, 
ana Uranus, ballistic orbital missions to Neptune will take much 
longer because of the requirement for low orbit insertion energy, 
which in turn requires a low approach velocity. Just such a mission 
nas been stuaiea utilizing a Galileo-derived spacecraft that would 
iauncn in 1991 and utilize a Jupiter swingby, arriving at Neptune some 
20 1/2 ysars after launch. Clearly, such missions would require more 
continuity in programming than we can anticipate at this time, 
however, the grapn in Figure 3 illustrates that nuclear power in 
conjunction with electric propulsion may enable such interplanetary 
missions to be flown. Payload versus flight time to Neptune is shown 
for three levels of nuclear system power per unit mass—specifically, 
40, 30, and 20 W/kg. A reference mission of this type that nas been 
studied in some detail can achieve mgner net payload for a flight 
time of about 12 years than can the ballistic Galileo type mission. 

In general, it can oe stated that nuclear reactor technology combined 
witn electric propulsion permits practical flignt times for far outer 
planet orbital missions. The benefits of sucn flight time reduction 
are not limited to increased confidence in tne reliability of the 
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spacecraft. Tne investment required to build such a vehicle can be 
postponed with no loss in results, or the benefit can oe captured mucn 
sooner. Tne total energy required for such a mission is also of the 
order 5 million kWn. 

Direct Broadcast Satellite (DBS) is an extension of current 
communication satellite technology. In one version, it enable' 
terrestrial broadcast stations to transmit to a geosynchronous 
satellite relay system and directly linK with the user by means of a 
home antenna 1 m in diameter or less. As evidence of the advances of 
tnis technology, the Federal Communications Commission (FCC) has 
recently adopted interim DBS services rules for the authorization or a 
variety of TV broadcast services in the continental United States 
(CONUS) and beyond. Thus one corporation, for example, will nave 
permission to operate four satellites spaced 20° apart along the 
geostationary arc to service areas in the CONUS tnat are approximately 
tne size of the time zones. 

Economies of scale and congestion in geosynchronous orbit may 
eventually dictate consolidation of tne direct broadcast system into 
fewer satelites than present technology permits. Tne Advanced Direct 
Broadcast Satellite (ADBS) depicted in Figure 4 represents a possible 
second or tnird-generation direct broadcast concept. Tne grapn in 
Figure 4 illustrates tne trade-off between geosyncnronous antenna size 
and available power for ADBS, assuming fixed receiver 
characteristics. Nuclear space power should enhance tne economic 
viability of ADBS Dy providing inexpensive, nigh transmitter power 
along with energy to electric propulsion engines for LEO-to-GEO (low 
earth orbit to geosyncnronous earth orbit) transfer and station 
keeping. A nuclear reactor power system would permit operation or 
ADBS in optimum longitude bands currently unattractive owing to earth 
eclipse periods. (Near-term DBS satellites will operate in far 
western longitudes to ensure tnat jclipse periods occur after local 
midnignt.) The concept illustrated would require some 1.3 million kWn 
for Doth broadcast ano station keeping over a 10-year period. 

Figure 5 illustrates a large manned orbital facility that could 
operate in LEO for space industrialization and utilization or 
resources in tne next century. Such a facility could require 
capabilities well beyond those of the space station currently 
contemplated for the l^^Os. Three key benefits of nuclear power 
systems for manned orbital facilities are reduction of tne drag makeup 
energy requirements, reduction of tne interactions of the power system 
with the attitude control system, and elimination of orientation 
requirements. For example, drag makeup propellant resupply 
requirements are proportional to the area of the manned orbital 
facility. The graph in Figure 5 illustrates the difference in area 
for a nuclear versus a solar array/battery system as a function of 
power level. A significant reduction in projected area accrues from 
the utilization of nuclear power systems, wmcn in turn reduces drag 
and the amount of propellant needed for orbital altitude maintenance. 
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It is difficult to estimate total energy requirements for such a 
future facility, but same studies have suggested demanas as high as 20 
million kWh for an early 2lst century undertaking. 

On the earth it has beer, found to be economical to generate power 
at a central station and distribute it over transmission lines to the 
user. Snould a space power system be available that offers such 
economies of scale \n contrast to solar arrays, a central power 
station in space may De practical. Studies of this concept that have 
been done to date have suggested tnat very nigh demand scenarios must 
exist before economic benefit will result. In technology programs, we 
have begun to address power transmission in space. Such a concept 
would eliminate tne requirement for each spacecraft to maintain a 
complete power generation system, carrying in its stead an energy 
receiver. Figure 6 illustrates tnis concept, and tne inset snows the 
dependence of required antenna size versus transmission distance on 
tne wavelength of the radiated energy, both microwave and laser 
systems appear to be candidates, but the required nigh efficiencies 

have to date been demonstrated only for microwave systems The 
central power station depicted requires an energy of .a t llion kWh. 

Recent studies projecting to the year 2000 show a tenrola to 
hundredfold increase in annual spacecraft mass delivered to 
geosynchronous orbit. Propellant requirements for chemical tugs may 
become sufficient to justify a nuclear-powered orbit transfer vehicle 
(OTV) even tnougn such an approach carries with it suDstantiai trip 
time penalty. 

Figure 7 snows payload in geosynchronous oroit versus one-way trip 
time of a round-trip nuclear tug mission. These data are presented 
for varying levels of technology. Tne conservative curve snows flight 
time versus payload capability for nuclear power tecnnology based on 
tnermoelectr ics operating at a not junction .emperature ot 1275 K witn 
a figure of merit ot 0.7 x 10“3 K~^; the improved curve assumes 1 
x 10*3 k“ 1 and 1350 K, and tne advance curve assumes i.4 x 10*3 

K”3 and 1525 K. Tne points along tne curves snow optimum power 
required for tne best electric thrust subsystem needed for each 

combination of payload and flight time to OEO. 

Nuclear performance can oe compared to chemical OTVs envisioned m 
the future. For example, a 100-kW nuclear electric propulsion (N£P) 
tug Dasea on near-term tecnnology can place a 5,600-kg payload in 
geosyncnronous oroit in aoout 2b0 days. A cnemical tug could place 
tne same payload in GfcO in a few nours, but it requires the snuttle to 
deliver lb,000 kg of propellant. For tne sam^ snuttle cargo mass ot 
21,600 kg, a nuclear tug could deliver r>o payloaas instead of one. 
Were tnis capacity sold to another use;, it would increase tne 
economic efficiency of operating tne snuttle by a factor of 2. 

Provided flignt time penalty is acceptaoie, a nuclear tug could 
therefore serve to either increase payload capability or improve the 
economic efficiency of the snuttle. For a lifetime of eight round 
trips such a tug would require ot tne order or b million kWh. 
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As indicated earner, by tne year 2000, the mass of equipment being 
placed in geostationary orbits annually may be IQ-100 times tne 
current level, making space transportation a multibiliion-dollar 
industry. Assuming a continued reliance upon nyorogen/oxygen upper 
stages, nearly 75 percent of the mass launched from the earth is in 
the form of propellant, with pernaps 300 t/yr of oxygen. In terms of 
energy required for transport, tne moon is 10 times closer to LEO than 
the earth's surface. As indicated in Figure 8, stucves are unaer way 
of the feasibility of processing lunar material into oxygen for use 
for eventual transportation and use at LEO. Tnese studies indicate 
tne need for nigh electrical power, from 100 kW to seveial megawatts, 
and assume the use of photovoltaic technology. However, because of 
the 2-week lunar dark period the duty cycle is only 50 percent for 
this system. A nuclear reactor system could increase this to 100 
percent. This is only the most recent scenario suggesting the 
desirability of a lunar base; there are, of course, many others that 
invoke manufacturing or exploration as motivations. In any event, 
there is no doubt that such a venture would demand very hign energy 
requirements: in one recent estimate, 1 billion kWh. 

In Figure 9, the energy requirements for these few missions are 
overlaid on the historical basis previously displayed in Figure 1. It 
is evident from the orders of magnitude involved tnat supplying suen 
demand will be an enormous challenge. It is equally evident that it 
is extremely important to examine alternative system approaches in 
preparing for the future. If terrestrial commercial energy costs of 
roughly 10 cents/xWh were attainaoie on tne moon, a lunar base would 
cost around $10 million/yr to operate. At tne current space cost of 
aoout $l,u00/kWh shown in Figure 10, the bill would be over $i0u 
billion/yr for operations. For sue** missions as we nave been 
discussing to be at ail practical, much lower unit energy costs must 
be achieved. Technological change as well as economies in scale must 
be invoked. When it is realized that tne total power installed in 
space to date for civil missions is of the order of 100 kW, the need 
for practical alternatives to meet the demands of this new age are 
sharply reinforced. The nuclear option is clearly one suen 
*1 ternatives. 

desides offering cost-effectiveness and permitting operations to be 
carried out in the farthermost regions of the Solar System, nuclear 
space power makes possible operations in some nazardous environments 
suen t\& the earth's Van Ai ' an belts. Figure 11 snews power per unit 
mass tor nuclear and solar power systems operating for 1U years as a 
function of earth orbit altitude. It illustrates the effect of the 
eartn's radiation belts on the specific power of soiar energy storage 
systems tor levels of technology ranging from solid substrate silicon 
arrays with nickel cadmium batteries to advanced flexible arrays with 
regenerable fuel cell storage. Tne nuciear system has constant 
specific power throughout this altitude range. Tne nuciear specific 
power band covers the ranges of technology discussed previously. The 
benefits of nuciear power are clear for tnis case. It will permit 



512 


more effective operation in a region of near-earth space. The mass 
advantage suggested for nuclear systems on tnis chart is expected to 
become even more pronounced at higher power levels. 

Figure 12 illustrates some of the technology issues that must be 
resolved if nuclear reactor power systems are to be considered for 
practical use in space. Beyond tne reasonably wen understood nuclear 
reactor, heat transport, safety, ana associated radiation shielding 
technological issues are a broad range of critical thermal-to-electric 
conversion and system questions tnat require research and technology 
efforts. For example, regarding energy conversion, research is needed 
on advanced thermoelectric materials as well as on alternative 
approaches tnat would permit nigher efficiencies at lower 
temperature. The achievement of lightweight thermal control may 
require the use of materials sucn as composites whose properties in 
sucn applications are not adequately understood. New neat rejection 
concepts nave been suggested tnat could dramatically influence overall 
system approacnes, and they should be investigated. Dynamics of the 
large bodies to be flown are lixely to demand advances in distributed 
active control. There are serious concerns about ineractions with 
natural or induced environments—ranging from venicle charging to 
radiation to space plasma effects—that demand code development to 
permit adequate prediction and design criteria to be estaolished. 

Power management techniques anu nigh-voltage components, such as 
transistors, capacitors, caoiing, and connectors, need to oe made 
available at power levels and vadiation hardness levels consistent 
with expected environments. Compatibility with snuttie anu raannea 
operations needs to be established. A comprenensive technology 
program roust be structured so as to resolve this broad range of issues 
in the context of possible applications. 

To summarize, nuclear reactor space power systems have the 
potential of being less massive for high-power applications than solar 
array systems, of being more capable of surviving penetrating high 
radiation environments, and of enabling missions to be iauncned to the 
outer reaches of the Solar System. Nuclear space power systems also 
offer tne potential of being less costly at high power levels than 
some alternative forms of space energy. 

It is clear that realization of the promise of space depends 
largely on tne availability of abundant, relatively low cost energy. 
Nuclear space power appears to oe one option that could meet future 
demands at lower cost for high power levels and as sucn is deserving 
or further study. Now is tne appropriate time to advance the 
tecnnoiogy base to permit a more complete understanding of tne nuclear 
space power option. 
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FIGURE 2 Rendezvous with Saturn's rings 
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FIGURE 6 Central power distribution 
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FIGURE 8 Future lunar base. 
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FIGURE 10 Space energy costs. 
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FIGURE 12 Nuclear space power technical issues. 










SPACE NUCUAK REACTOR POWER APPLICATIONS 


K. V. Lias 

Locxneed Missives ana bpace Company, Incorporated 

Sunnyvale, California 940ao 


INTRODUCTION 

A review of projected space power system design requirements tor tne 
time period to 1995 nas oeen performed witn the view of evaluatinq the 
impact of these requirements on the potential use of nuclear reactor 
power systems ana alternative solar photovoltaic power sources. 
Emphasis was placed on attempting to define tne space missions that 
would dictate the utilization or nuclear reactor power systems. In 
addition, tne constraints ana concerns the reactor system user would 
tnen have to deal with were addressed. The review includes the space¬ 
craft military threat environments as well as the projected power 
system performance requirements in order to consider as many appro¬ 
priate power system selection factors as possible. 


sPAC e MISSION POWER RL^UlKc/iENT 

Projections of near- ana long-term requirements ror space power are 
found in several sources. Table 1 contains a representative list of 
tnese sources. Representative papers discussing space power projected 
technology advances against projections ol space power requirements 
are those oy barthelemy and rionneyweli (1982) ana Hulun et ai. 

(1982). It is noted that the requirements are defined oy the purpose 
of the proposed spacecraft mission and that the candidate design 
solutions are proposed oy various government and industry elements 
specializing in tne applicable technology. Taole 2 is a list of 
representative sources of advanced space power system capabilities, 
either demonstrated or forecast. The military space system missions 
can oe classified as shown in TaDle J. 

In addition to power system cnaracteristics, tne projected military 
space missions will be exposed to a variety of physical threats. Tne 
principal threats are identified in Table 4. Tnese tnreats and tneir 
impact on candidate power systems are discussed briefly below. An 
unambiguous definition of threats and levels of protection is not 
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TABU:: 1 Sources of Space Power Requirements Definition 


1. Air Force technical objectives documents 

2. Requests for proposals for space systems (NASA ancf DOD) 

3. NASA- and DOD-prepared papers in: 

American Institute of Aeronautics and Astronautics (A1AA) 
proceedings 

IECEC proceedings 

IEEE Pnotovoltaics Specialist Conferences 

4. NASA and DOD participation in AIAA technical committees 

5. NASA and DOD space system technology workshops 

Military space system tecnnology workshops 
NASA-OAST presentation at workshops 

6. Contractor proposals for advanced space systems in the open 
literature. 

7. NASA and DOD participation in tecnnicai conferences, such as the 
EIA Space Electronics Conference. 


NOTE: NASA, National Aeronautics and Space Administration; DOD, 

Department of Defense; AIAA, American Institute of Aeronautics and 
Astronautics; IECEC, Intersociety Energy Conversion Engineering 
Conference; IEEE, Institute of Electrical and Electronics Engineers; 
NASA-OAST, NASA Office of Aeronautics and Space Technology; EIA, 
Electronics Industries Association. 


practical at this time, because some threats are only now evolving. 
The definition effort, however, is ongoing. 


Nuclear Threat 

Tne Joint Chiefs of Staff (JCS) Guidelines have provided criteria for 
hardening levels in satellite designs. Reference levels for the X-ray 
environments nave been established. The other components of the 
nuclear threat are the gamma-ray dose, the neutron fluence, the 
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TABLE 2 Sources of Advanced Space Power System Capabilities 


1. Reports on technology development studies and testing 

Contractors (government funded) 

NASA center 

DOl) laboratories 

National laboratories 

Universities 

DOE 

2. Contractor ana government briefings on funded ana in-nouse 
technology development 

3. NASA and DOD space system technology workshops 

4. Papers in: 

IECEC proceedings 

IEEE Photovoltaics Specialist Comerence proceedings 
EIA Space Electronics Conferences 
DARPA Strategic Space Symposia 


NOTE: NASA, National Aeronautics and Space Administration; DOD, 

Department of Defense; DOE, Department of Energy; IECEC, 

Intersociety Energy Conversion Ergineering Conference; IEEE, 
Institute of Electrical and Electronics Engineers; EIA, 
Electronics Industries Association; DARPA, Defense Advanced 
Research Projects Agency. 


system-generated electromagnetic pulse (SGEMP) associatea with the 
above radiation, the dispersed electromagnetic pulse (DEMP), and 
debris-induced garuiua rays. Trapped fission electron hardening is 
provided for in these guidelines. Since 12 cal/g will melt solder, 
the use of solar cell welding for array assemoly has been adopt for 
hardened designs. The neutron damage is principally in the for*. f 
atomic displacement, resulting in some degradation in solar cell 
performance. SGEMP is the collection of X-ray-induced interactions 
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TAbLE J Military Space System Missions 

Communications (10-100 kW) 

Laser communication with submarines 
Space-based electronic jammers 
Real-time battle communications 
Control of remotely piloted vehicles 
Navigation (1-10 kW) 

Weather (1-10 kW) 

Real-tune weatner display for aircraft 
Tactical support 
Surveillance (10-100 kW) 

Space-based radar to track ships, missiles, aircrart, 
and satellites 

Infrared trackers for missiles, aircraft, and satellites 
Directed-energy weapons (10-100 MW) 

High-energy lasers 
Particle beams 


and effects that create a localized electromagnetic environment. This 
environment can induce unwanted signals in electronics. The solution 
of problems caused by SGEMP is complex, but better analysis and 
modeling techniques are being devised. 

DEMP results from the interaction of an electromagnetic pulse from 
a iigh-aititude exoatmospneric nuclear detonation that is propagated 
t.irougn the ionosphere to a satellite. The geometry of the threat 
limits its significant effects to satellites with tneir lines of sight 
througn the ionosphere to tne burst point. Solar arrays require 
circuit protection techniques to withstand EMP, usually at the cost of 
a weight penalty. 
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TABLE 4 Satellite Threats 

1. Space-based, airborne, and ground-based lasers 

2. Space-based particle beans 

3. Nuclear weapons 

Gamma rays 
Neutrons 
Debris 
X-rays 

Electron effects, trapped electrons, SGEMP, DEMP 

4. Nonnuclear antisateiiite warfare 


Trapped electrons are those containeu in the earth's magnetic 
fields. These fluences can oe enhanced by the addition of high-energy 
fission electrons (200 *eV and above). The enhanced electron 
environment is long lasting and can result in doubling the aose to 
satel ltbs at sensitive altitudes. In addition, the electrons can 
create charge buildups in internal satellite dielectrics. If tne 
charge exceeds the dielectric breakdown strength or ihe material, a 
discharge may occur, possibly burning out electronics components. 
Spacecraft charging can be caused by low-energy ambient electrons 
interacting with dielectric surfaces suen as paints, thermal control 
blankets, and solar cell cover slides. The general threat, 
electron-caused EMP (ECErtP), is not yet well understood or defined. 

( ^ebris is tne ionized material created from the vaporized materials 
and casing of the weapon. Above a few hundred kilometers in altitude, 
the debris is not contained by the residual atmosphere ana magnetic 
fields but is ionized and may collect on a negatively cn^rged 
satellite. Dose rate effects, rather than total dose, lasting a few 
nours, are possible when raaioactive debris plates out on the surface 
of a satellite. 

Tne hardening of solar array power systems for the nuclear threat 
is somewhat expensive and limited with present materials, but 
significant threat leveis can be survived. The reactor power system 
is designed with materials that can withstand nuclear radiations, and 
the power-generating element is not as susceptible to nuclear 
radiation as the solar cell. The reactor system radiator 
thermal-optical performance, after the deposition of the X-ray energy, 
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must oe kept at acceptable levels. It is assumed that haiJening ,>f 
electrical and electronic systems in the two power sources would 
present the same problems. 


Laser Threat 

A large number of survivability techniques have been defined for the 
laser tnreat. It is apparent that the designer has a significant 
number of options in solving the heat rejection problem associated 
with certain levels of laser threat; however# witn a soiar array# the 
available options are quite limited owing to the function of the array 
and tne materials availab. ; to acnieve this function. Laser threat 
hardening pensaities for solar power systems may exceed 50 percent 
under some engagement scenarios. 

A balanced application of survivability levels to ail satellite 
subsystems is required, as a highly hardened element of the satellite 
compared to a lower requirement for another component would not be 
cost-effective. Tne trend is toward higher survivability levels. 
Furtnerraore, some potential satellite maneuvering requirements can be 
in tne 0.001-0.1 *g" range# those ir the upper end of this range 
causing significant weight penaltie foe solar arrays. 


POWER SOURCES FOR MISSION CONCEPTS 

The tecnnology status and projected advances for tne solar 
array/battery space power systems are described, for example, in 
Koenig and Kanken (j. 982) , Lockneed Missiles and Space Co., Inc., 

(1982), Mahefkey (1982), Malbandian and French (1982), Mullin et al. 
(1982) , ana Scott-^lonck (1932) . The projected technology for solar 
power systems is snown in Figure 1; that for reactor power systems is 
shown in Figure 2, and papers by buaen and Angelo (1982) and Powell 
and botts (1982) support this projection. The two curves in Figure 2 
represent projections based on low and high funding levels affecting 
the time at which a particular performance level is predicted to be 
achieved. Tne predicted reactor power system performance in both 
specific power and power level versus time is decidedly better than 
tnat expected for the solar array/battery system. 

Nuclear fission reactors for spaci ^ower saw considerable 
development in the 1960s, particularly tne SNAP-1GA (500 W(e)), which 
was flight tested, and tne SNAP-8, whose development was terminated 
wnen firm missions could not be identified. The zircomum-hydride- 
ennened 235g fuel used in these systems can be considered state of 
the art. Development of reactor systems for space power since 1973 
has been limited largely to component fabrication and to design 
studies being performed at Los Alamos National Laboratory and 
Brookhaven National Laboratory. Tne current advanced reactor designs 
utilize Mo-UO^ fuel and would allow nigher reactor operating 
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temperatures. National Aeronautics and Space Administration and 
Department ot Energy (NABA/DGE) design studies utilize thermoelectric 
power conversion (9 percent efficiency) and can attain 25 W/lb at the 
100-kW(e) design power level for electronics able to withstand 10^ 
rads of radiation. A ground demonstration system could be completed 
by 1990 by spending approximately $66 million. The Air Force/DOE 
(AF/DOF.) studies have been completed for a reactor that utilizes 
thermionic power conversion (12 percent efficiency) ana would attain 
50 W/ib at the l,0Q0-kW(e)) aesign power level. Because of the long 
development times and high development costs, a national space reactor 
development program appears to be required to produce a flignt 
system. This would also solve the following dilemma: 

1. A reactor power system docs not ixist, so use is not planned. 

2. Use is not planned, so a system will not be developed. 

The applications of reactor power systems to missions requiring 10 
kW(e) to 1 MW(e) are feasioie. Altnough of tne missions stuaied in 
this evaluation, several would nave benefited from the use of a 
reactor power system, its application was not mandatory and is not 
expected to De mandatory until the 1990s because an alternative solar 
array/battery power system was adequate in all cases. It is clear, 
however, that a certain set of military mission requirements, if 
establisned in the near future, could drive a development program for 
technology readiness prior to 1990. The cost of such a development is 
seen to be relatively high and appears to cause mission planners to 
select nonreactor power systems in the interim. An early program to 
accelerate tne pace of reactor power system technology development is 
< ncouraged so that the possibility of encountering a large technology 
gap is minimized when firm requirements are identified. From the 
evaluation of the missions, tne 100-kW(e) to megawatt missions require 
full consideration of nuclear power. 


REACTOR USER CONSTRAINTS AND CONCERNS 

Tne space program using a reactor power system has to accommodate 
certain constraints and concerns associated with the nature of the 
power system. Assuming an unmanned mission, tne areas of concern are 
structural, thermal, nuclear radiation, and safety. The structural 
integration impact depends largely on t^e configuration of the reactor 
power system. The power system with its thermal radiator may be a 
unit that can be interfaced with the spacecraft at a given interface 
plane either prior to launch or after the spacecraft and power system 
are separately launched. If the mission does not allow this, then tne 
integration of the neat rejection radiator with the spacecraft may be 
more complicated. Tne total integration may still be accomplisned 
prior to launch, or the heat rejection system may be treated as a 
component separate from the reactor. In this case, tne space radiator 
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may be launcned with tne spacecraft, ana the separately launcned 
reactor system hooked up in orbit. Figure 3 illustrates tnese 
concepts. One of tne concepts shows the reactor placed inside an 
existing chamber as opposed to being attacned outside. The 
significance of different integration concepts is the desirability of 
having a reactor power system technology development program that is 
not bound to a particular integrated configuration for as long as this 
is practical in the program. 

The radiation doses to spacecraft components from the reactor must 
be considered along uith the natural environment and nuclear weapons 
threats. This involves parts selection and placement of components so 
that distance ana snadow shielding by tanks, boxes, ana such items as 
storage batteries can be used to protect more sensitive components. 
Computer programs are set up to nandit the geometry/snielding/dose 
computations. Reactor radiation test facilities are expected to oe 
used for tne verification of certain components wnere existing test 
data are not sufficient. 

The logic and rationale for control of tne reactor configuration 
and tne instrumentation axe required for decision making. The reactor 
start-up, temporary shutdown, or final shutdown rationale is 
determined prior to launch. The spacecraft will oe required to 
control the electrical power from tha system and will interface with 
some of tne reactor controls, instrumentation, ana status aata for 
power system coniiguration controi. 

Range and nucleai safety efforts are significantly increased with 
reviews, documentation, ana liaison with DQfc, AF, and NASA safety 
organizations. Tne uncontrolled insertion of reactivity is of major 
concern under all possible nonnowinal conditions on the launch pad, 
during launch, and in oibit. Tne user will provide the launen system 
and spacecraft system data required to assess the potential hazards 
and tneir probability of occurrence Systems and procedures will be 
designed to control potential nazarcs. Tne opace Shuttle launch of 
reactor systems is expected to require significant safety review 
activities. For manned missions, tne personnel radiation smeiding 
and tne operations controlling hazards for rendezvous by supply craft 
are added concerns for tne reactor user. The major reactor user 
considerations are listed in Table 5. 


CONCLUSIONS 

1. The evaluation of potential military missions and papers 
publisned on tne subject indicates that the use of nuciear reactor 
space power is presently not dictated prior to the 1990s. With the 
lead times required, an active technology development program appears 
to be prudent and desirable for both unanticipated changes in 
near-term mission requirements and for large power requirements in 
mission scenarios in the 1990s. 
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TABLE 5 Nuclear Reactor Power System User Considerations 


1. Structural attachment and integration 

2. Thermal input to spacecraft, heat rejection after start-up, 
thermal condition during launch 

3. Reactor radiation dose to spacecraft components, parts selection, 
locating components, and dose calculations 

4. Portion of reactor configuration control assigned to spacecraft, 
logic, instrumentation, and rationale for start-up, power 
reduction, temporary shutdown, and final shutdown 

5. Expanded range and nuclear safety reviews, documentation, and 
liaison witn government safety organization 

6. Personnel radiation safety and shielding considerations for manned 
missions or manned maintenance; control of hazards associated with 
rendezvous by servicing spacecraft 

7. Physical threat survivability associated with reactor 

8. Safety considerations when fairly rapid start-up of reactor may be 
desiraole 


z. Uncertainties in this evaluation include evolving definitions 
of threats, response capabilities of satellites, and subsystem design 
requirements. 

3. Potential reactor users will noid out for nonuse. This 
attitude cannot be stated as a rule for all program managers but is a 
tendency resulting from the users* perception of the possible risks 
they will nave to face when selecting a reactor power system, 
particularly tnose in the following areas: 

o Development ris x; Tne solar array/battery technology is older, 
well established, and more familiar. What availability can be countea 
on? 

o Safety implications ; The safety requirements and review 
procedures are well established, but feedback from the reviews oy a 
number of reviewing agencies will provide system design “help" and 
less control for tne program manager. 

4. Tne reactor power system user will probably nave to get a 
significantly high payofr for the selection as opposed to a slight 
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advantage over an alternative power source. This will overcome the 
use resistance threshold. 
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A njmber of government agencies have expressed interest in the development o* '>ghtweight, high- 
energy density nuclear fission reactors with possible utility in a variety of aerospace and terrestrial ap 
plications. The National Research Council's Committee on Advanced Nuclear Systems, formed under 
the ausmces of the Commission on Engineering and Technical Systems' Energy Engineering Board, has 
undertaken an assessment of the state of the art of advanced nuclear fission reactor systems. The Com 
mittee's Symposium on Advanced Compact Reactor Systems, an important element of this assessment, 
is intended to bring together the potential users of such systems with their developers and those who 
form policy affecting them The committee will publish the proceed'ngs of the symposium as a contri¬ 
bution to the literature, and will take the information and views expressed at the symposium into con 
sideration in writing its final report. 


STEERING COMMITTEE 

The symposium sessions were planned and organized by the Committee on Advanced Nuclear System*: 
JOHN M. DEUTCH (Chairman), HAROLD M. AGNEW. ROBERT AVERY. HERBERT GOLPSTEIN. 
NICHOLAS J. GRANT, HAROLD W. LEWIS, NORMAN C. RASMUSSEN. HENRY E. STONE. DAVID 
A. WARD, and ROBERT H. WERTHEIM 


PROGRAM 


Monday, November 15, 1982 


8:00 a.m. _ 

Registration 

8:30 a.m._ 

We'commg remarks by JOHN M. DEUTCH. Chairn jn. Committee on Advanced 
Nuclear Systems 

8:40 a.m._ 

Session 1: Potential Mission Requirements tor Compact Nuclear Reactors in Terrestrial and 
Aeronautical Applications (classified) 

• Introductory Remarks by HAROLD M. AGNEW. session chairman 

• Army Requirements as Th*y Relate to Possible Use of Compact Reactor Systems 

Speaker: J. GORDON PRATHER, Deputy for Science and Technology Systems. 
Office of the Deputy Assistant Secretary of the Army (Research, Development, 
and Systems) 

• Advanced Naval Air Vehicles: Nuclear Considerations 

Speaker: ROBERT H. KRIDA. Manager of Advanced Scientific Studies. Naval Air 
Systems Command 

• Nuclear Power for Deep Basing of Missiles 

Speaker: LT COL JAMES LEE. Chie'. Nuclear Power Branch. Air Force 
Weapons Laboratory 

10:15 a.m. -- 

BREAK 

10:30 a.m. ._ 


Session 2: Potential Mission Requirements for Nuclear Reactors and Alternatives in Space 
Power and Propulsion Applications (classified) 

• Introductory Remarks by ROBERT H WERTHEIM, session cnairman 
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• Outlook for Spece Nuclear Poorer Development 

Speaker GORDON L CHIPMAN JR , Deputy Assistant Secretary of Energy 
(Breeder Reacto. Programs) 

• Potentisl NASA Requirements for Spece Nuclei' Reactors 

Speaker JACK L KERR p BROCK. Associate Administrator for Aeronautics and 
Space Technology. National Aeronautics and Spece Administration 

• Potentisl Military Mission Requirements for Spece Nuc'eer Rsectors 

Speaker COL THOMAS J CODY. JR., Deputy Commander, Detachment 1, 

Space Division, U S Air Force Systems Command 

12 3G p.m_ 

Lunch 

1:25 p.m.__ 

Session 2. continued 

• Potentisl Requirements for Spece Nuclear Power m future Military Mission< 

Speaker ROBERT BARTHELEMY Manager. Spece Thrust, Air Force Wnght 
Aeronautical Laboratories 

• The Milrsry Requirement Definition Process for Spece Nucleer Power Technology 

Speaker LCDR WILLIAM L WRiGHT. Program Manager. Directed Energy Office. 
Defense Advanced Research Proiects Agency 

• Potentisl Spece Borne Nucleer Power Ap h ‘ rstio.it Comments end Questions from 
A Spacecraft Systems Design Standpoint 

Speaker JOHN A LOVE Special Assistant to the Director of Missions and Systems. 
TRW Space «<«d Technolog'' Group 

3 25 p.m. _ 
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3:40 p.m.___ 

Session 2. continued 

• Spece Nuclear Power Applications 

Speaker RICHARD V ELMS. SEP Solar Array Proier. Lejder. Space Systems 
Division. Lockheed Missiles and Space Co.. Inc 

• future Military Spece Power 

Speaker ALLEN PETERSON. Cochairman. JASON Group Panel on Future Military 
Space Po*er 
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5 00 _ 

6 00 p.m. 

Reception for committee and attendees 


Tuesday. November 16. 1912 

8 00 a m __ 


Reg '.Patton 
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Session 3 Current T ethnologtcal Concepts for Space Power 
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• • Radioisotope Thermal Generators and 1hermoelectric Conversion 

Speaker GE RHARO STAPFER, Group Supervisor. Nuclear Thermal to Electric Power 
Group, Jet Propulsion Laboratory 

• A New Generation of Reactors for Space Power 

Speaker JAY E BOUDREAU, Deputy Associate Director for Nuclear Programing. 

Los Alamos National Laboratory 

• Some High Temperature Reactor Technologies 

Speaker HAROLD J SNYDER. Manager of Nuclear and Chemical Engineering. 

GA Technologies. Inc 
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11:06 a m. 
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Speaker JAMES R POWELL. Head. Reactor Systems Office, Department of Nuclear 
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• Experience with Gas Cooled and L quid Metal Cooled High Temperature Nuclear 
leactor Systems 

Speaker RICHARD E MORGAN. Manaoer. Advanced Reactor Protects, Westmghouse 
Advanced Reactors Division 


12 30 p.m 
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• Technological Implications of SNAP Reactor Development for Future Space Nuclear 
Power Systems Activities 
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Session 4: Safety and Regulatory Issues Raised by Space Applications of Nuclear Heactors 
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Speaker PAUL NORTH. Division Manager. Water Reactor Research Test Facilities. 
EG&G Idaho, Inc 

• Regulatory Implications 

Speaker MANNING MUNTZING. Doub and Muntzmg 


3:40 p.m. _ 

Brea* 

4:20 p.m _ 


Session 4, continued 
» Safety Through Technical Integrity 

Speaker WILLIAM WEGNER. Associate. Basic Energy Technology Associates 
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• Procedures for Securing Clearance to Launch Reactors 

Speaker: THOMAS KEPR, NASA Coordinator of the Interagency Nuclear Safety 
Review Panel 


5:40 p.m. _ 

Adjournment 

5:45-_ 

6:45 p.m. 

Reception for committee and attendees 


Wednesday, November \ 1 , 1982 

8:00 a.m. __ 

Session 5: Outstanding Research and Development i ssues 

• Introductory Remarks by HERE?T~*T GOLDSTEIN, session chairman 

• Status of Heat Pipe Technology 

Speaker: WILLIAM A. RANKEN, Project Manager, Los Alamos National Laboratory 

• Refractory Metals tor Nuclear Space Power and Propulsion Applications 

Speaker: ROGER PERKINS, Senior Member, Lockheed Palo Alto 
Research Laboratory 

• High Temperature Fuels tor Advanced Nuclear Systems 

Speaker JAMES F WATSON, Director, Materials and Chemistry Division, 

GA Teen nolog i es, Inc. 

10:05 a.m._ 
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10:15 a.m.__ 

Session 5, continued 

• Power Generation from Nuclear Reactors in Aerospace Applications 

Speaker: ROBERT ENGLISH. Senior Research Associate, NASA Lewis 
Research Center 

• Neutron Physics of Reactors fo. Use in Space 

Speaker: HERBERT J. C. KOUTS, Chairman, Department of Nuclear Energy, 
Brookhaven National Laboratory 

• Space Reactor Shielding 

Speaker: DAVID BARTINE, Head, Reactor Analysis and Shielding Section, 
Engineering Physics Division, Oak Ridge National Laboraury 

12:30 p.m._ 

Lunch 

1:20 p.m._ 

Session 5, continued 

• Conceptual De r igns for 100-Megawatt Space Radiators 

Soeaker JOHN A. SULLIVAN. Acting Program Manager for Space Reactors, 

Los Alamos National Laboratory 

2:00 p.m. _ 


Adjournment 
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